Introduction

Surveying
The purpose of surveying is to locate the positions of points on or near the surface
of the earth. Some surveys involve the measurement of distances and angles for
the following reasons: (1)} to determine horizontal positions of arbitrary points on
the earth’s surface, (2) to determine elevations of arbitrary points ebove or below
a reference surface, such as mean sea level, (3) to determine the configuration of
the ground, {4) to determine the directicns of lines, (6) to determine the lengths
of lines, (8) to determine the positions of boundary lines, and (7) to determine the
areas of tracts bounded by given lines. Such measurements are data-gathering
measurements.

In other surveys it is required to lay off distances, angles, and grade lines to
locate construction lines for buildings, bridges, highways, and other engineering
works, and to establish the positions of boundary lines on the ground. These dis-

tances and angles constitute layout measurements.
A survey made to establish the horizontal or vertical positions of arbitrary

points is known as a conirol survey. A survey made to determine the lengths and
directions of boundary lines and the area of the tract bounded by these lines, or 2
survey made 1o establish the positions of boundary lines on the ground, is termed
a cadasiral, land, boundary, or properity survey. A survey conducted io deter
mine the configuration of the ground is termed a fopographic survey. The deier-
mination of the configuration of the bottom of a body of waler is a Aydrographic
survey. Surveys executed to locate or lay out engineering works are known as
construction surveys. A survey performed by means of aerial photography is
calied an aerial survey or a phologrammeiric survey.

The successful execution of a survey depends on surveying instruments of a
rather high degree of precision and refinement, and aisc on the proper use and
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handling of these instruments in the field. All surveys involve some computations,
which may be made directly in the feld, or performed in the office, or in both
places.

Some types of surveys require very few computations, whereas others invoive
lengthy and tedious computations. In the study of surveying therefore, the student
not only must become familiar with the feld operation techniques but must also
iearn the mathematics applied in surveying computations.

Basic Definitions

To gain a clear understanding of the procedures for making surveying measure-
ments on the earth’s surface, it is necessary tc be familiar with the meanings of
certain basic terms. The terms discussed here have reference to the actual figure
of the earth.

An oblate spheroid, also called an ellipsoid of revolution, is a solid obtained
by rotating an ellipse on (or around) its shorter axis. It is helpful to construct an
idealized figure of the earth, which is usually an oblate spheroid where the earth’s
rotational axis serves as the shorter or minor axis. Because of its relief, the earths
surface is not a true spheroid. However, an imaginary surface representing a mean
sez level extending over its entire surface very nearly approximates s spheroid.
This imaginary surface is used as the figure on which surveys of large extent are
computed.

A wertical line a2t any point on the earth's surface is the line that follows the
direction of gravity at that point. It is the direction that a string will assume if a
weight is attached to the string and the string is suspended freely at the point. Ata
given point there is only one vertical line. The earth’s center of gravity cannot be
considered to be located at its geometric center, because vertical lines passing
through several different points on the surface of the earth do not intersect in that
point. In fact, all vertical lines do not intersect in any common point. A vertical line
is not necessarily normal to the surface of the earth, nor even io the idealized
spheroid. The angle between the vertical line and the normal to the sphercid a2t a
point is called the deflection of the veriical.

A horizomial line at & point is any line that is perpendicular to the vertical
line at the point. At any point there are an uniimited number of horizontal lines.

A horizonial plawe at 2 point is the plane that is perpendicular to the vertical
line at the point. There is only one horizontal plane through & given point.

A vertical plane at a point is any plane that contains the vertical line at the
point. There are an unlimited number of vertical planes at a given point.

A level surface is a continuous surface that is at all points perpendicular to
the direction of gravity. It is exemplified by the surface of a large body of water at
complete rest (unaffected by tidal action).

A horizomital distance between two given points is the distance between the
points projecied onto a horizontal plane. The horizontal plane, however, can be
defined at only one point. For a survey the reference point may be taken as any

one of the several points of the survey.
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A horizontal angle is an angle measured in 2 horizontal plane between two
vertical planes. In surveying this definition is effective only at the point at which
the measurement is made or at any point vertically above or below it.

A vertical ongle is an angle measured in a vertical plane. By convention, if the
angle is measured upward from a horizontal line or plane, it is referred 1o as 2 plus
or posiitve vertical angle, and also as an elevation angle. If the angle is measured
downward, it is referred to as a minus or negative vertical angle, and also as a
depression angle.

A zenith angle is also an angle measured in a vertical plane, except that, unlike
a vertical angle, the zenith angle is measured down from the upward direciion of
the plumb Line. Obviously the zenith angle is egual to 90° minus the vertical angle.

The elevation of a point is its vertical distance above or below a given refer-
ence level surface (see Section 3-1).

The difference in elevation between two points is the vertical distance
between the two level surfaces containing the two points.

Plone surveying is that branch of surveying wherein all distances and hori-
zontal angles are assumed o be projected onto one horizontal plane. A single ref-
erence plane may be selected for a survey where the survey is of limited extent.
For the most part this book deals with plane surveying.

Geodetic surveying (sornetimes referred to as conirol surveying) is that
branch of surveying wherein all distances and horizontal angles are projecied onto
the surface of the reference spheroid that represents mean sea level on the earth.

The surveying operation of leveling takes into account the curvature of the
spheroidal surface in both plane and geodetic surveying. The leveling opera-
tion determines vertical distances and hence elevations and also differences of

elevation.

Units of Measurement

in the United States the linear unit most comrnonly used at the present time is the
foot, and the unit of area is the acre, which is 43,560 ft°. In most other countries
throughout the world, distances are expressed in meters. The meter is also used
by the National Geodetic Survey of the United States Department of Commerce as
well as other federal and state agencies in the Uriited States engaged in establish-
ing control. However, the published results of sorne of these conirol survey opera-
tions are given in both units, or are available to the user in both units.

On all U.S. government land surveys, the unit of length is the Gunter's chain,
which is 66 ft long and is divided into 100 links, each of whichis 0.66 & or 7.92 in.
long. A chain, therefore, equals 5‘5 mile. This is 2 convenient unit where areas are
to be expressed in acres, since 1 acre = 10 square chains. A distance of 2 chains 18
links can also be writien as 2.18 chains. Any distance in chains can be readily con-
versed inte feet, if desired, by multiplying by 66.

in the Southwest portions of the United States that were influenced by the
Spanish, anocther unit, known as the vara, has been used. A vara is about 33 in.
long. The exact length varies slightly in different sections of the Southwest, where
the lengths of property boundaries are freguently expressed in this unit.
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EXAMPLE 1-1

EXAMPLE 1-2

For purposes of computation and plotting, decimal subdivisions of linear units
are the most convenient. Most linear distances are therefore expressed in feet and
tenths, hundredths, and thousandths of a foot. The principal exception to this
practice is in the layout work on a construction job, where the plans of the struc-
tures are dimensioned in feet and inches. Tapes are obtainable graduated either
decimally or in feet and inches.

Volumes are expressed in either cubic feet or cubic yards.

Angles are measured in degrees (°), minutes ('), and seconds (”). One cir
cumference = 360° 1° = 60", 1’ = 60". In astronomical work some angles are

expressed in hours ("), minutes (™), and seconds (*). Since one circumference =
24" = 360°, it follows that 1" = 15° and 1° = 1" = 4 (see Section 12-5).

Although some surveying instruments that measure angles in the sexagesimal
system are graduated in degrees, minutes, and seconds, it is usually necessary, in
computations with hand calculators, to convert to degrees and decimal degrees
(unless the calculator has provision for this conversion) to compute the trigono-
metric functions of the angies, and then if necessary to convert back to degrees,
minutes, and seconds. The number of decirnal places to be retained in the decimal
degree is a function of the least reading of the instrument or of the given angle.

Equivalents of the decima part of a degree are
0.00001° = 0.036"
0.0001° = 0.36”
0.001° = 36"
0.01° = 36"
01°=¢
Thus, if the angle is given fo the nearest minute, two decimal places must be
retained; if the angle is given to the nearest second, four decimal places must be

retained.

Convert 153° 43" 17.2” to decimal form.
Solution: 153° 43 17.2"= 153°( 43%%2}" 153° 43.287"
153° 43.287° = {1535%%&7)2 158.72144°

which is also written 153°.72144.

Convert 24.4652° to degrees, minutes, and seconds.*
0.4852° x 60 = 27.912°

Solution:
» 0.912°x 80 = B4.7"

The value of the conversion is thus 24° 27 54.7”

*Many handheld calculators have provision for converting from degrees, minutes, and seconds o
decimal degrees and vice versa using conversion keystrokes.
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To help visualize the physical size of small dimensions, consider that 0.01 ft is
very nearly equal &0 g in., and that §.10 f is therefore about Eé in. Also, the sine
or tangent of 1" of arc is approximately 0.0003 (three zeroes 3). Thus 1’ of arc sub-
tends about 0.03 fyor £ in. in 100 ft. At 1000 ft, 1” of arc subtends 0.30 or 3} in.

The sine or tangent of 17 of arc is gpproximately 0.000005 (five zeroes 5).
Thus at 1000 ft, 1” subtends 0.006 £t or about Ti" in. Another relationship is embod-
ied in the expression “a second is a foot in 40 miles.” Taking the radius of the earth
1o be 4000 miles, a second of arc at the center of the earth subiends approximately
100 ft on the earth’s surface.

Quite frequently it becomes necessary to convert 2 small angle from its arc or
radian value to its value expressed in seconds, and vice versa. A unit radian is the
angle subtended by an arc of a circle having a length equal to the circle’s radius.
Thus 2 7 rad = 360° 1 rad = 57° 17" 44.8" and 0.01745 rad = 1°. We Aind from trig-
onometry that the sine, the tangent, and the arc or radian value of 1” are a6l equal
within the limits of computational practicality. As a conseguence of this, and desig-

nating & as a small angle,

arc O=sinfP=1tan 8

If the small angle is expressed in seconds, iis arc, sine, or tangeni can be
determined by the following relationships:

arc 8= & xarcl” {exact)
sing = & xsin 17 {approximate)
tané = " xtan 17 (approximate)

The value of the arc, sine, and tangent of 17 is §.0000048481 to 10 decimal
places. If the arc or radian value of a small angle is known, or if the sine or tangent

is known, then its vaiue in seconds can be delermined by rearranging the three

preceding expressions to give

=l Al 05965 arc 6
arc1” 48 481 x 10”

,  sn6 _ tané

9"' . }il" 2»

A target 4 in. wide is placed on the side of a building 1600 & away from & survey
point. What angle is subtended at the point between the left and right edges of the

target?

Solution: The target width is 0.333 ft and thus the arc of the small angle is
0.333/1600 = 0.000208. The angle in seconds is then 0.000208/48 481 x 107%C =
42.9” or 0.000208 x 206,265 = 42.9” :
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e When the digit to be dropped is less than 5, the number is written without
the digit. Therefore 117.573 becomes 117.57.

¢ When the digit to be dropped is exactly B, the nearest even number is used.
Therefore 117.5675 becomes 117.58 and 117.565 becomes 117.56.

¢ When the digit to be dropped is more than 5, the preceding digit is
increased by 1. Therefore 117.578 becomes 117.58.

When performing computations it is important {o use an appropriate number
of significant Agures so that the computations themselves do not lessen the accu-
racy of the measurements and consequentiy the result. Likewise, it is misleading
to carry more digits than is warranted. For example, if the area of a parcel is cre-
ated by adding three separaie smaller parcels together, with each sub-area having
been determined by a different surveying technique, the result can be stated in 2

misleading fashion as shown:

Parcel A 3.684 acres
Parcel B 6.01 acres
Parcei C 11.06  acres
Total = 20.694 acres

Correct answer = 20.7 acres

The accuracy of the resulting area is probably no better than #0.05 acres,
because Parcel {'s area was determined only £o this accuracy.

Likewise, when multiplying and dividing, the number of significant figures in
the answer is equal to the least number of significant figures in the terms of the
product or quotient. For example, 117.568 x 6.1 = 717.24, but the answer should be
shown as 720 unless both quantities were staied as exact numbers.

It is intuitive that when using a calculator or computer, round-off error oceurs.
Therefore it is advisable to use more decimal places in the computations than are
significant. The number of places required is a function of the number of computa-
tions, but in plane surveying eight places will usually suffice. As with any such

“rule,” there are numerous exceptions.

Errors ang Mistakes

The value of a distance or an angle obtained by field measurements is never
exactly the true value, except by chance. The measured value approaches the true
value as the number and size of errors in the measurements become increasingly
small. An error is the difference between the true value of a guantity and the mesa-
sured value of the same guantity. Errors result from instrumental imperfections,
perscnal limitations, and natural conditions affecting the measurements. Exam-
ples of instrumental errors are (1) 2 tape that is actually longer or shorter than its
indicated length; (2) errors in the graduations of the circles of an engineers tran-
sit; and (3) a defect in the calibration of an electronic distance measuring device.
Examples of personal limitations are the observers inability to bisect z target or
read g vernier exactly, inability to maintain a steady tension on the end of 2 tape,
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and failure to keep a level bubble centered at the instant at which a leveling obser
vation is taken. Examples of natural conditions affecting a measurement are wind
and temperature, and pressure and humnidity changes causing the refraction of the
direction or distance between two points.

An error is either a systematic error or 8 random error A systematic error is
one for which the magnitude and algebraic sign can theoretically be determined. If
2 tape is found to measurs 99.84 ft between the 0-ft mark and the 100-ft mark
when compared with a2 standard, then the full tape length introduces a systematic
error of +0.08 £ each time it is used to measure the distance between two given
points. If a tape is used at a temperature other than that at which it was compared
with a standard, then the amount by which the nonstandard temperature
increases or decreases the length of the tape can be computed from known char
acteristics of the material of which the tape is made.

A random error is one for which the magnitude and sign cannot be pregicted.
it can be plus or minus. Random errvors tend to be small and tend to distribute
themselves equally on both sides of zero. If an observer reads and records a value
of, say, 6.242 ft when the better value is 6.243 ft, a random error of - 0.001 ft has
been introduced. When an individual is holding a signal on which an instrument
man is sighting, failure to hold the signal directly over the proper point will cause a
random error of unknown size and algebraic sign in the measured angle. If, how-
ever, he fizes the signal eccentrically, the resultant error will be systernatic.

Random errors tend to grow proportional to the square root of the number of
them, but systematic errors grow directly proportional to the number of them.

A mistake is not an error but is a blunder on the part of the observer. Exam-
ples of mistakes are failure to record each full tape length in taping, misreading a
tape, interchanging figures, and forgetting to level an instrument before taking an
observation. Mistakes are avoided by exercising care in making measurements, by
checking readings, by making check measurements, and to a great extent by com-
mon sense and judgment. If, for example, a leveling rod is read and the reading is
recorded as 7.13 ft, whereas the levelman knows that this is absurd since he is very
nearly at the top of 2 14-f1 rod, then he is exercising common sense in suspecting a
mistake.

The subject of random errors is considered in more detail in Chapter 5. Sys-
tematic errors and methods for their elimination are discussed in the appropriate

sections throughout the book.

Accuracy and Precision

Since surveving is after all a measurement science, it is necessary to distinguish
between the two terms accusacy and precision that, if not understood, can cause
needless confusion. The accuracy of 2 measurement is an indication of how close it
is 1o the true value of the guantity that has been measured. To obtain an accurate
measurement, the measuring instrument must have been calibrated by compari-
son with a standard. This allows for the elimination of systematic errors.

The precision of a measurement has to do with the refinement used in taking
the measurement, the quality {but not necessarily the accuracy) of an instrument,
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the repeatability of the measurement, and the fnest or least count of the measur
ing device.

As an ilustration of the difference between these two terms, suppose thal two
different taping parties (see Chapter 2) measure the same line five times, each
using a different 100-ft tape. The first party reports the following measurements:
736.80, 736.70, 736.75, 736.85, and 736.65 ft. The second party reports the follow-
ing measurements: 736.42, 736.40, 736.40, 736.42, and 736.41 fi. Further suppose
that the correct or true length of the line is 736.72 £t. Cbviously, from an examina-
tion of the spread of the results, the measurements reported by the second party
are more precise. However, those reported by the first party are more accurate
because they tend to group around the true value. Thus the tape used by the sec-
ond party has some kind of systematic error that has not been accounted for in the

reported measurements.

1-1. How many hectares are contained in s reciangular field that measures 352.25 by
196.80 m? 1ESisTy
N e T .
&gj How maRy acres are contained in the area given in Problem 1-1?
1-3. How many square feet are contained in the area given in Problem 1-17
@‘A distance of 40 chains 2 links is shown on 2 map between two boundary markers.
" What is the corresponding length in feet?
1-5. What is the length of the line in Problem 1-4 in meters?
1-8. Based on the equivalence ! U.S. foot = 30.48 cm, how many feet are contained ina line
that measures 27,542.331 m? '
1-7. How many survey feet are contained in the line of Problem 1-87
,'@Conven the following decimal Gegrees to their corresponding values in the sexagesi-
~ mal system: (&) 26.9°, (b) 186.23°, (c) 83.464°, (&) 312.1546°, (e} 10.52486°.
i-8, Convert the angles of Probiem 1-8 to their equivalent grad values.
(1-10. Conver: the following angles to decimal degree form: {(a) 16° 37', (b) 254° 16" 42",
() 98°BY 14.3", (d) 35° 47 16.82", (e} 174° 45" 16.834".
3-13. Convert the angies given in Problem 1-10 to their grad values.
1-12. Convert the following angles to decimal degrees: (&) 18%, (b} 26.28%, (¢} 274.58",
(&) 394.1635, {e) 27.94445, {f) 37.462055.
Convert the angles given in Problem 1-12 to their values in the sexagesimal systerm.
Convert the foliowing volumes to cubic meters: (&) 14,955 yd®, (B) 129,590 y&’,
() 2545.6 yd°, (4) 18,192,668 yd’.
3-18. Convert the following volumes o cubic yards: () 546 m°, (b) 28502 m®, (¢) 1485.66 i,
(&) 42,455 m®.
The sides of a iriangle measure 1040.25, 1865.24, and 1318.18 m. Compute the three
angles in the triangle expressed to the nearest 0.00018
The sides of a triangle measure 302.55, 1896.20, and 1714.36 fi. Compute the three an-
gles in the triangle {nearest second).
3-18. What is the area of the triangle of Problem 1-18 in hectares?
3-18. What is the arez of the iriangie of Problem 1-17 in acres?

S

31-13.
1-14.

i-16.

3-17.
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i-26.

1-21.

i-22.
i-23.
i-24.

1-25.

i-28.
1-27.

Two sides and the included angle of a triangie are 1810.462 m, 1462.82 m, and
35.8382% respectivelv. Compute the length of the remaining side (nearest millimeter)

and the two remaining angles (nearest 0.0001%).
Two sides and the included angle of a triangle are 545.156 m, 1395.832 m, and 15° 22" 46”,
respectively. Compute the length of the remaining side (nearest miliimeter) and the

remaining two angles {nearest second).
Cormpute the area of the triangle in Problem 1-20 in hectares and in acres.

Compute the area of the triangle in Problem 1-21 in hectares and in acres.

In triangle ABC, A = 27° 14" 52", B = 52° 35’ 44”, and side AB = ¢ = 385.462 ft. Com-
pute sides o and b (nearest 0.001 f1).

The radius of a circie is 350.000 m. What arc length is subtended by a central angie of

125.4652¢ (nearest millimeter).
The arc of a smali angie is 0.0000621458. What is the angle in seconds {(nearest 0.017}?

What is the angle in Problem 1-26 in grads (nearest 0.000018)?

1994 Data Collector Swrvey. P.O.B 12:6.
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Surv. & Mapp. p. 39.

Lane, A 1882. Metric mandate. Professional Surveyor 12:2.

Strasser, Georg. 1975. The toise, the yard and the meter—the struggle for 2 universal unit of length.

Surveying and Mapping 35:25. ‘
Ward, H. O. 1980, Are feld books obsolete? ACSM Bull. 122, Awmer. Cong. Surv. & Mapp. p. 31.
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2-8 MEASLIREMENTS WITH TAPE HORIZONTAL i®

1o hold the tape, a taping pin can be siipped through the eve at the end of the tape
and used as a handle. A tape that is thrown together in the form of 2 series of loops
when not in use must be carefully unwrapped and checked for short kinks before
it can be used for measurement. As long as & tape is stretched st , it will stand
any amount of tension that two people can apply. If kinked or looped, however, a
very shight pull is sufficient to break it.

asurements with Tape Horizontal

The horizontal distance between two points can be obtained with 2 tape either by
keeping the tape horizontal or by measuring along the sloping ground and comput-
ing the horizontal distance. For extreme precision, such as is required in deter
mining the length of a baseline in a triangulation system, the latter method is used.
This method is also advantageous where steep slopes are encountered and it
would be difficult to obtain the horizontal distance directly.
For moderate precision where the ground is level and fairly smooth, the tape
can be streiched directly on the ground, and the ends of the tape lengths can be
marked by taping pins or by scratches on a paved area. Where the ground is level
but ground cover prevents laying the tape directly on the ground, both ends of the
tape are held at the same distance above the ground by the forward tapeman and
the rear tapeman. The tape is preferably held somewhere between knee height
and waist height. The graduations on the tape are projected fo the ground by
means of the plumb bobs. The plumb-bob string is best held on the tape gradus-
tion by clamping it with the thumb, so that the length of the siring can be altered
easily ¥ necessary (this can be seen in Fig. 2-4). When 2 tape is supported
throughout its length on the ground and subjected to & given tension, 2 different
value for the length of 2 line will be obtained than when the tape is supported only
at the two ends and subjected io the same tension {see Section 2-18). Where fairly
high accuracy is to be obtained, the method of support must be recorded in the
field notes, provided different methods of support are used on one survey. Experi-
enced tapemen generzlly obtain eguivalent results by phumbing the ends of the
tape over the marks or by having the tape supported on the ground.

When the ground is not level, either of two methods may be used. The first is
to hold one end of the tape on the ground at the higher point, to raise the other
end of the tape until it is level, either by estimation or with the aid of the hand
level, and then to project the tape graduation over the lower point to the ground
by means of & plumb bob. The other method is to measure directly on the siope as
described in Sections 2-11 and 2-12. These methods are shown in Fig. 2-2.

For high precision, a taping tripod or taping buck must be used instead of 2
plumb bob. Such & iripod is shown in Fig. 2-3. Taping tripods are usually used in
groups of three, the rear tripod then being carried {o the for ¢ position. A pencil
mark is scribed at the forward tape graduation, and on the subseguent measure-
ment the rear tape graduation is ned up with this mark in order to carry the mea-
surement forward. Since {aping is usually done on the slope when tripods are
used, the elevations of the tops of the tripods must be determined at the same
time the taping proceeds. The elevations, which are determined by leveling (Chap-
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FIGURE 2-2 Taping over sloping ground using 100-ft tape.

FIGURE 2-3 Taping tripod.
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ter 37, give the data necessary io reduce the siope disiances to horizontal dis-
tances 2s discussed in Section Z-12.

The hesd tapeman carries the zero end of the tape and proceeds toward the
far end of the line, stopping at 2 point approximately 2 tape length from the point
of beginning. The rear tapeman lines in the forward end of the tape by sighting on
the line rod at the far end of the line. Kand signals are used {o bring the head iape-
man on line. The rear tapeman takes a firm stance and holds the tape close 1o his
body with one hand, either wrapping the thong around his hand as shown in Fig. 2-4
or hoiding 2 taping pin that has been slipped through the eye of the tape. Standing

FIGURE 2-4 Piumbing over point.
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1o the side of the tape, he plumbs the end graduation over the point
marking the start of the line. The tip of the piumb bob shoul
{about 3 mm) zhove the gmwé point.

The head tapeman applies the terzsxon £0 be used, either by estimation or by
means of a spring balance fastened to the zero or forward end of the tape. At
approximately the correct position on the ground, he dea
taping pin wili be sét. After again appiving the tension, the hea
a vocal signal from the rear tapeman, indicating that the Eatzem is on the rear point.
When the plumb beb has steadied and its tip is less than - ; in. or about 5 mm from
the ground. the head tapeman dips the end of the tape slightly so that the plumb
beb touches the ground. Then he, or a third member of the taping party, sets a tap-
ing pin or 2 surveying tack at the tip of the plumb bob to mark the end of the first
full tape length, as shown in Fig. 2-5. The pin is set at right angles to the iine and
inclined at an angle of about 45° with the ground away from the side on which the
rear tapeman will stand for the next measurement. The tape is then stretched out
again to check the position of the pin. The notekeeper records the distance,
106.00 £, or 30.000 m, in the Seid notes. The tape is advanced another tape length,
and the entire process is repeated.

If the taping advances generally downhill, the head tapeman checks to see
that the tape is horizontal by means of the hand level. If the taping advances gen-
erally uphill, the rear tapeman checks for level

When the end of the line is reached, the distance between the last pin and the
point at the end of the line will usually be a fractional part of a tape length. The
rear tapeman holds the particular full-foct or decimeter graduation that will bring
the subgradustions at the zero end of the tape over the point marking the end of
the line. The head tapeman rolls the plumb-bob siring along the subgraduations
with his thurnb until the tip of the plumb bob is directly over the ground point
marking the end of the ine.

Two types of end graduations of a tape that reads in feet are shovm in Fig. 2
In view {a) the subgraduations are cutside the zero mark, and the fractional paf*
ef 2 foot is added to the full number of feet. Hence the distance is 54 + .46 = 54.46

fr. This type is referred to as an add tape. In view {b) the subgraduations are
b&weem the zero and the 1-ft graduation, and the fractional part of 2 {oot must be
subtracted from the full number of feet. So the distance is 54 - 0.28 = 53.72 {t. This
tvpe is called a cut tape. Because of the variation in the tvpe of end gradustions,
the rear tapeman must call cut the actual foot mark he hoids, and both the head
capeman and the notekeeper must agree that the value recorded in the feld notes
is the correct value.

Add tapes are more convenient 10 use than cut tapes simply because it is eas-
ier to add than to subtract the decimal part of the whole unit. The design of an add
metric tape that is divided in decimeters throughout its length is shown in Fig. 2-7.
The cutside decimeter is further subdivided to centimeters and then to millime-
ters. In the illustration the rear tapeman hoids the 14.7-m mark at the pin, and the

head tapeman reads 0.072 m at the end of the line. The distance is thus 14.7 +
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FIGURE 2-5 Setting taping pin to mark forward position of tape.

Pin
End of line 7
T eRET T I 34
Distance = 5446 f
{a)
$
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Distance = §3.72 1
{b}

FIGURE 2-6 Graduations at end of fooi-graduated tape
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FIGURE 2-8 Breaking tape

Where the slope is too steep to permit bringing the full length of the tape hor

izontal, the distance must be measured in partial tape lengths, as shown in Fig. 2-8.
it is then necessary to enter a series of distaneces in the feld notes. Some or all of
them will be less than a full tape length. For a partial tape length, the head izpe-
man holds the zero end and the rear tapeman holds 2 convenient whole fool or
decimeter mark that allows the selected length of tape to be horizontal. When the
forward pin is set, this partial tape length is recorded in the field notes. The head
tapeman then advances with the zero end of the tape. and the rear tapeman again
picks up a convenient whole foot or decimeter mark and plumbs it over the pin.
Each partial tape length is recorded as it is measured cr as the forward pin is set.
‘Fig. 2-9 illustrates the use of a device called a iape clamp for holding a tape at any
piace cther than at an end.

If 2 tape clarnp is not available, the rear tapeman must hold the tape in one
hand in such a manner that it neither injures his hand nor damages the tape. At
the same time he must be able to sustain a tension of between 10 and 20 &, or
between 5 and 10 kg. The technigue shown in Fig. 2-10 is a satisfactory solution to
this problem. The tape is heid between the fleshy portion of the fingers and that of
the palm. Enough friction is developed to sustain a tension upward of 25 t0 30 Ib
{10 1o 15 kg) without injury or discomfor: to the tapeman. He must not turn his
hand too sharply, however, ctherwise the fape may become kinked.
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FIGURE 2-8 Use of tape clamp.

All distances should be taped both forward and backward, to obtain a better
value of the length of the iine and to detect or avoid mistakes. When the backward
mesasurement is made, the new positions of the pins should be completely inde-
pendent of their previous positions. This practice eliminates the chance of repeat-

ing & mistake.

Tension

Most steel tapes are correct in length at 2 temperature of 68°F (20°C) when a ten-
sion of 10 to 12 b or 5 kg is used and the tape is supported throughout the entire
length. If this same tension is used when the tape is suspended from the two ends,
the horizontal distance between the ends of the tape will be shorter than the nom-
inal length. The amount of the shortening depends on the length and the weight of
the tape. A light 100-f tape weighs about 1 Ib. Such a iape, when suspended from
the two ends, would be shortened about 0.042 ft under 2 tension of 10 Ib. A heavy
100-ft tape weighs about 3 Ib and wouid be shortened about 0.375 ft under a ten-
sion of 10 Ib. Some engineers atiempt to eliminate this error by increasing the ten-
sion used. The tension for the light tape is then increasec to about 18 Ib. It is
practically impossible to eliminate the error in the heavy tape by this method, as
the tension would have to be increased to about 50 Ib. Generally, less tension is
used and & correction is applied to each measured length.
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Systematic Errors in Taping

The principal systematic errors in knear measurements made with 2 tape are {1)
incorrect length of tape, (2) tape not horizonsal, (3) Auctuations in the tempera-
sure of the tape, (4) incorrect tension or pull, (5} sag in the tape, (6) incorrect
alignment, and (7) tape not straight.

incorrect Length of Tape
At the time of its manufaciure, a tape is graduated when under a tension of about
10 b or 4.5 kg. A steel tape will maintain a constant length under g considerabie
amount of handling and abuse. This is not true, however, of an invar tape, which
must be handled with great care. In either case, if 2 tape is compared with a stan-
dard length under specific conditions of temperature, tension, and method of sup-
port, the distance between the two end gradustions will seldom equal the nominal
length indicated by the graduation numbers. The correction to be applied to any
measurement made with the tape 1o accouni for this discrepancy is called the
absoluie correction C,, and is given by

C, = true length — nominal length {2-8}

The true length is the value determined by calibration under specific condi-
tions. The calibration or standard tension will range anywhere from 1010 30lbor 5
to 15 kg and is specified by the user of the tape. The calibration comparison can be
made with the tape supported throughout its length, or supporied only at the two
ends, or supported at the two ends and at one or more intermediate points.

The absclute error - C, is usually assumed to be distributed uniformly
throughout the length of the tape. Thus the absolute correction in & measured dis-
tance is directly proportional 2o the number and fractional parts of the tape used

in making the measuremens.

Tape Not Horizontal

If the tape is assumed t¢ be horizontal but actually is inclined, an error is intro-
duced. The amount of this error  can be computed from Eq. (2-8) or may be
taken as 4%/ 2s. If one end of & 100-f tape is 1.41 & higher or lower than the other,
the error will amount to §.01 ft. It should be noted that the error is proportional to
the square of the vertical distance. When one end is 2.82 i above or below the

other, the error increases to 0.04 f1.
Errors from this source are cumulative and may be considerable when mesa-

suring over hillv ground. The error can be kept at a minimum by using & hand level
to determine when the tape is horizontal.
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Accuracy of ED

At ciose range the accuracy of the EDM is limited by a constant uncertainty such
25 1 cm, 5 mm, or 8.01 fi. As the measured distance is increased, this constan!
value becomes relativelv inconsequential. Bevond, say, 50C to 1000 m, &ll of the
currentiv available EDMs will give reiative accuracies of better than 1 part in
25.000. This is very difficult to obtain by taping and reguires taping tripods and
very careful attention o svstematic errors. On the other hand this accuracy is
practically assured using the EDMs. The factors that limit both the relative and the
absolute accuracies of EDM measuremenis are the metecrclogical conditions at
the time of measurement. If these are known with sufficient accuracy, then all but
the verv shori-range instruments are capable of relative accuracies of I part In
100,000 or better.

If verv long lines must be measured with the maximum accuracy, then the
uncertainty of the meteoroiogical conditions along the entire beam path becomes
important. For the majority of measurements in the short 10 intermediate range.
meteorological measurements taken only at the instrument end of the line are suf-
ficient to obtain the desired accuracy. This level of accuracy can be enhanced by
zaking a mean of the readings at both ends of the line. Improvements can further
be made by sampling the meteorological conditions at intermediate points ajong
the line. which of course is complicated usually by the necessity of elevating the
metecrological instruments to considerable heights above the intervening terrain.
The ultimate sohution at present is to fiv along the line and record the temperature
and pressure profile all aleng the line. This technique has been employed in Cali-
fornia along lines used 1o measure very small earthqguake fault displacements over
great distances. The various manufacturers usually state the accuracy as ¢ =a +
bd, where d is the distance and o and b are constants for 2 particular instrument.

2-1. A survevor paces a 100-f length six times with the {ollowing resulis: ’%6- 34,342, 35.
and 35 paces. How many paces musi be siepped off to lay oul a distance of 20

chains?
2-2. A surveyor paces a 50-m: length five times with the following results: 561 . 57, 86! , 88,
and 57 paces. How many paces must he step off to lay out a distance of 450.00 m?

2-3. A siope distance of 862.21 It is measured between two poinis with a siope angile of

B 3° 16°. Compute the horizontal distance between the two points.

L Ry

2-4. In Problem 2-3. if the vertical angle is in error by 2. what error is produced in the hor-
izontal distance”

2-5. A horizontal distance of 850.00 £ is 1o be laid cut on a 2° 58’ slope. What slope distance
must be laid out?

2-6. The difference in elevation between two points is 16.264 m. The measured siope dis-

= tance is 343.516 m. Compute the horizontal distance.

2.7, A mieasurement of 148.264 m is made on a £° 1€ slope. Compute the corresponding

horizonial distance.
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s algrrating, ia {90
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2-8. In problem 2-8, if the differenc

horizontal distance?
2.8, A line was measured along sioping ground with a 30-m tape. and the following resulls

were recorded:

Difference in Elevation {my;

Sicpe Distance Im
35600 1752
30.000 Ce30
18.52¢C 0.868
202.00C 2078
12422 560

What is the horizontal length of the line?
2-318. A tape that measures 99.96 [t between the zerc and 100-% mark is used to lay out foun-
dation walis for a building 280.00 x 580.00 ft. What observed distances shouid be laid out?
2-11. A tape is calibrated and found to measure 100.04 [t between the §- and 100-f rnarks.
What measurements should be laid out to establish a horizontal distance of 682.25 ft?

2-12. What distance on a 5% grade should be laid out with a tape that measures 30.010m
under field conditions if the horizontal distance is 1o be 430.000 m?

2-18. A 100-7t steel tape measures correctly when supported throughout its length under a2
tension of 10 Ib and at a temperature of 72°F. It is used in the field at & sension of 18
1b and supported at the two ends only. The temperature throughout the measurement
is 84°F. The measured length is 748.25 ft {the tape is suspended between the 48-f
mark and the zero end for the last measurement). The tape weighs 2.00 Ip and has 2
cross-sectional area of 0.0060 in®. Assuming that £ is 28,000,000 psi for steel, what is

the actual length of the line?

2.14. A 30-m tape weighs 12 g/m and has a cross section of 0.020 cm®. It measures correctly
when supported throughout under a tension of 8.5 kg and at a temperature of 20°C.
When used in the field, the tape is supported at its two ends only, under a tension of
8.5 kg. The temperature is 13.5°C. What is the distance between the - and 30-m marks
under these conditions?

2.18. A 100-ft tape is calibrated at 88°F and is found to measure 99.990 . A distance is mes-
sured as 515.68 ft at a temperature of 42°F. What is the correct distance?

2.16. A 100-ft stee] tape weighs 1.80 Ib and has a cross-sectional area of §.0056 i, The tape
measures 100.00 ft when supported throughout under 2 tension of 10 Ib. Assume that
E = 28 x 10" psi. What tension, to the nearest _% Ib, must be applied to overcome the
effect of sag when the tape is supporied at the two ends onldy?

2.17. A 50-m tape weighs 24 g/m and has a cross section of 0.038 cm®. It measures 48.9862 m
under a tension of 2.20 kg when supported at the two ends only. What does the lape
measure if it is supported throughout under a tension of 8 kg? £ = 2.1 X 10° kg/cm”.

2.18. With what accuracy rust the difference in elevation between two ends of 2 100-ft tape

ne known if the difference in elevation is 8.20 ft and the accuracy ratio is 1o be ai jeast

1:10,0007
2-18. With what accuracy must 2 difference in elevation between two ends of 2 30-m tape be
known if the difference in elevation is 2.840 m and the accuracy ratic is to be at least

25,0007
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The measured slope angle of 2 taped distance is 3° 54”. To whai accuracy must the

siope angle be measured if the relative accuracy is $0 be at least 1 : 20,0007

The measured slope angle of 2 measured siope distance of 342.535 m is 2° 24" To what
sccuracy must the slope angle be measured ¥ the horizontal distance is 1o be accurate
10 5 mm?

Compute the refractive index of mercury vapor light at 2 temperature of 88°F and
barometric pressure of 28.00 in.Hg. Neglect the effect of vapor pressure.

What is the refractive index of red laser light at a temperature of 20°C and barometric
pressure of 725 mmHg? Neglect the effect of vapor pressure.

Microwaves are propagated through an atmosphere of 66°F, atmospheric pressure of
28.2 in.Hg, and vapor pressure of 0.51 inHg. If the modulating freguency is 30 MHz,
what is the modulated wavelength?

What is the modulated wavelength of light of Problern 2-22 if the frequency of modu-
iation is 30 MHz?

What is the modulated wavelength of light of Problern 2-23 if the freguency of modu-
iation is 30 MHz?

Microwaves are modulated at a frequency of 756 MHz. They are propagated through an
atmosphere at a temperature of 18°C, atmospheric pressure of 749 mmHg, and vapor
pressure of 7.2 munHg. What is the modulated wavelength?

Referring to Fig. 2-25, AE measures 796.16 f; BC measures 423.25 f; AC measures
1218.28 fi using 2 particular EDM reflector combination. A l‘me_ measures 2846.22 ft
with this instrument-reflector combination. What is the correct length of the line?
The height of an EDM set up at 4 is 5.32 fi. The height of the reflector setup at 5 is
4.30 ft. The height of the theodolite set up at 4 and used to measure a vertical angle is
5.00 ft. The height of the target at B on which the vertical angle sight is taken is 5.00
1. The vertical angle is +4° 20" 18”. The slope distance, after meteoroiogical correc-
tions, is 3451.55 ft. What is the horizontal distance between4 anc%B?
The height of an EDM set up at M is 1.550 m. The height of the reflector setupat P is
1.400 m. The height of the theodolite set up at 4/ used to measure the vertical angle is
1.800 m. The height of the target at P on which the vertical angle is sighted is 1 458 m.
The siope distance, after meteorological corrections, is 875.26 m. The measured verti-
cal angle is +3.2644°. What is the horizontal distance between M and N7?
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introduction

Leveling is the operation in surveying performed to determine and esiablish eleva-
tions of points, Lo determine differences in elevation between points, and to con-
tro! grades in construction surveys. The elevation of a point has been defined as its
vertical distance above or below z given reference level surface. The reference
level surface used in the United States is the Nztional Geodetic Vertical Datum of
1988. The NAVD 88 supersedes ihe National Geodetic Vertical Datum of 1929
{NGVD 28), which was the former official height reference (vertical! datum) for
the United States. NAVD 88 provides 2 medern, improved vertical datum for the
United States, Canada, and Mexico. The NAVD B8 heights are the result of a math-
ematical (least sguares) adiustment of the vertical cor trol portion of the National
Geodetic Reference System. Over 800,000 permanent benchrarks are included in
the datum. The datum surface is an eguipotential surface that passes through a
point on the International Great Lakes Datum. The daturn closely corresponds
with mean sea level along the coasts of the United States.

A benchwmark is & permanent or semipermanent physical mark of known eleva-
tion. It is set as a survey marker to provide a point of beginning for determining ele-
vations of other points in a survey. A good benchimark is & bronge disk set either in
the top of a concrete post or in the foundation of & structure. Specially designed
marks used bv the Nationa! Geodetic Survey (NGS) are the most stable. An NGS
benchmark consists of a2 rod encased in grease inside 2 PVC pipe. Other locations
for benchmarks are the top of 2 culvert headwall, the top of an anchor boli, or the
top of a spike driven into the base of a tree. The elevations of benchmarks are
determined to varying degrees of accuracy by the field operations o be described in
this chapter. Benchmmarks established throughout the country by the NGS to a high
order of accuracy define the North American Vertical Datum of 1988 (NAVD 88).
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The basic instrument used in leveling is 3 spirit level that establishes 2 hori-
zontal line of sight by means of 2 ielescope fitted with 2 set of cross hairs and &
ievel bubble. The level is described in later sections of this chapter. Other instru-
ments used for determining vertical distances are the engineer’s transit, the theod-
olite, the EDM, the aneroid barometer, the hand level, and the telescopic alidade.
The use of the transit and the theodolite are explained in Chapters 4 and 14. A
type of elevation can be determined by signals from the Global Positioning System
{GPS) of satellites and will be discussed in Chapter 1.

Curvature and Refraction

The measurements involved in leveling take place in vertical planes. Conseguently,
the effect of earth curvature and atmospheric refraction must be taken into
account because these effects cccur in the vertical direction. They are allowed for
either by the appropriate calculations or else by the measuring technigues
designed to eliminate these effects.

To examine the effect of earth curvature, consider the amount by which the
ievel surface passing through point A of Fig. 3-1 departs from a horizontal plane at
the distance AR from the point of tangency. This departure is shown to be the ver
tical distance CB. If the effect of earth’s curvature is designated ¢, and the distance
from the point of tangency to the point in guestion is designated X, then the curva-

ture effect can be shown to be
c=0.667K* {3-1}

in which ¢ is the curvature effect in feet and & is the distance in miles. This expres-
sion for earth curvature is based on a2 mean radius of the earth, or 3859 miles. It
should be noted that the error due to curvature is proportional £o the square of the
distance from the point of tangency to the point in guestion. Thus, for a distance of
10 miles, the value of ¢ is about 67 fi, whereas for a distance 100 ft, it diminishes to
0.00024 #1. In the metric system

cw = 0.0785K7 (3-2}

in which ¢,, is the curvature effect, in meters; K, is the distance, in kilometfers.

Horizontal plane c

——

FIGURE 3-1 Curvature anc refraction.
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vertical distance COF is egual 10 DC sin o or DE tan ¢ . depending on whether the

tance obtained by EDM or horizonta! distance from triangulation (see
Chapter 9) is known. The vertical distanice from a level line through D to point Cis
FC, whichis CF + EF But EF is the total effect of curvature and refraction, which,
by Eg. (3-4). is 0.0206(DE/1000)% or 0.0206(DC cos o /1000)°. The difference in
EF + CE ~ CB The values of AD and¢ CB

siope dis

elevation between 4 and F is then AD -
are recorded &t the time of measurement.
To eliminate the uncertainty in the curvature and refraction correction, verti-

cai-angie observations are made a: both ends of the line as close in point of time as
possible. This pair of observations is termed reciprocal veriicai-angle observa-
tzom. In Fig. 3-3(b) the angle at & is assumed to be 80°. The vertical distance JK is
egual to HJ sin B or HK tan £ . The vertical distance from a level line through A to
point J is JL, which is JK — XL But XL is the total effect of curvature and refrac-
tion, which is 0.0206 (HK/1000)° or 0.0206(H.J cos B /1000)% The difference in
elevation from 4 10 5 is then AJ + JA - KL - HE. The values of AJ and HB are
recorded at the time of measurement. The correct difference in elevation between
the two ends of the Hne is then the mean of the two values computed both ways
either with or without taking intc account curvature and refraction,

The accuracy of the determination of difference in elevation over a long dis-
tance is basically a function of the uncertainty of the atmospheric refraction and of
the accurecy of the vertical angles. The slope distance obtained with EDM will be
so accurate that no appreciable error will be introduced from this source. The
effect of uncertainty in atmospheric refraction is held to 2 minimum by reciprocal
observations. Bearing in mind that a seccnd is a foot in 40 miles, then in a distance
of say 2 miles the error of difference in elevation can be held to 0.20 ft if the
vertical-angle accuracy is about 47, which is obtainable with the precise theodo-
lizes discussed in Chapter 4. This error is reduced in proportion 1o a reduction in
distance. If reciprocal observations are taken every 1000 m and the accuracy of
vertical-angie measurements is of the order of 3" to 4”, the error can be held to 1}
to 2 cm or about 0.05 to 0.07 fi. ’

When applying trigonometric leveling to very long lines, the slope distance is
measured using the intermediate or long-range EDMs, and reciprocal vertical
angles are measured using precise theodolites. Il possible, the reciprocal angles
shouid be made simultaneously to eliminate the refraction uncertainty. If this
proves unfeasible, then more than one set shouid be cbserved at different times to

average out the errors due to this unceriainty.

The siope distance between two mountain peaks determined by EDM measure-
ment is 78,963.54 #i. The vertical angle at the lower of the two peaks to the upper
peak is +3° 02’ 05”. The reciprocal vertical angle at the upper peak is - 3° 12’ 55”.
The height of the instrument and the height of the target at the ends of the line are
assumed to be egual. Compute the difference in elevation between the {wo peaks
first by using only the single vertica! angles and applying correction for curvature
and refraction, and second by using the average obtained by both vertical angles.
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Solution: The difference in elevation using only the single vertical angle ¢ is
e . oe mor per .~ penal 16,963.54 et
AH = 76,983.54 sin 3° 027 08"+ 0.0206 —5a5— o8 3° 027 08 /

4074.54

=3

]

76.9683.54 x 0.05284113

i

76.963.54 sin 3° (27 087

J

7 TE 3.54 - . v,,“;: - . . . n
0.0206 22222 cos 3 027 057 = 0.0206 x 5907 +121.68
AH = +4196.22

The difference in elevation using only the single vertical angle £ is
AKF = 78,863.54 sin 3° 12 58" ~ 0.0206{(76,963.54/1080) cos 3°
= +4316.71 - 121.64
= 4185.07 ft.
The average from the two soluticns is +41985.64 ft.
The difference in elevation without taking intc account the correction for cur-
vature and refraction, and using the average, is
76,863.54 sin 3° 02 05" = 4074.54
76,063.54 sin 3° 12 55" = 4316.71
AH = average = +4185.63 £

Direct Differential Leveling

The purpose of differential leveling is to determine the difference of elevation
between two points on the earth’s surface. The most accurate method of determin-
ing differences of elevation is with the spirit leve!l and a rod. as shown in Fig. 3-4. It
is assurned that the elevation of point A is 976 f and that it is desired to determine
the elevation of point B The level is set up, as described in Section 3-23, at some
convenient point s¢ that the instrument is higher than both 4 and B. A leveling rod
is held vertically at point A, which mav be on the top of 2 stake or on some solid
object. and the telescope is directed toward the rod. The vertical distance from 4
to a horizontal plane can be read on the rod where the horizontal cross hair of the
telescope appears to coincide. If the rod reading is 7.0 &, the plane of the telescope
is 7.0 £t above point A. The elevation of this horizontal plane is 878 + 7 = 983 fi.
The leveling rod is next held vertically at 5, and the telescope is directed toward

FIGURE 3-4 Direct differennal ieveling
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the rod. The vertical distance from B 1o the same horizonial plane is given by the
rod reading with which the horizontal cross hair appears (o coincide. If the rod
reading a1 B is 3.0 i, point B is 3.0 £ below this plane and the elevation of B is 983

— & = 980 &, The elevation of the ground at the point at which the level is set up

neesd not be considered.
The same resuit may be obtained by noting that the difference in elevation
nd Bis7-—3=4 fi, anc that 5 is higher than A The elevation of B

between A
eguais the elevation of A plus the difference of elevation between A and B, or §76
+4£=980f

Stadia Leveling

Stadiz leveling combines features of trigonometric leveling with those of direct dif-
ferenial leveling. In stadia leveling, vertical angles are read by using the transis or
theodolite, and horizontal distances are determined at the same time by means of
the stadia hairs mentioned in Section 2-4. As in direct differential leveling, the eje-
vation of the ground at the point 2t which the instrument is located is of no con-
cern in the process. Stadie leveling is a rapid means of leveling when moderate
precision is sufficient. It is described in detail in Section 14-10.

Leveling with Aneroid Barometer

The fact that atmospheric pressure, and hence the reading of a barometer,
decreases as the altitude increases is utilized in determining differences of eleva-
tion. Because of transportation difficuities, the mercurial barorneter is not used for
survey purposes. Instead, the anercid barometer or altimeter is used in surveys in
which errors of 5 10 10 &t are of no conseguence. Altimeters vary in size from that
of an ordinary watch to one that is 10 or 12 in. in diameter. The dials sometimes
have two sets of graduations, namely, feet or meters of elevation and inches or mil-
Limeters of mercury. The smaller altimeters can be read by estimation o about 10
£, A larger type, one of which is shown in Fig. 3-8, is much more sensitive, and dif-
ferences of elevation: of 2 or 3 ft can be detecied.

An altimeter is, of course, subject to natural changes in atmospheric pressure
due to weather, and it is also subject 1o effects of temperature and humidity. For
this reason altimeters should be used in groups of three or more.

In Fig. 3-8 an altimeter is maintained at L, which is a peint of known elevation
and is designated the low base. A second aliimeter, whose reading has been com-
pared with the one kept at the low base, is taken to &, which is a second point of
known elevation and is designated the high base. At regular intervals, say every 5
min, the altimeters at the low and high bases are read. A third altimeter, which is
referrec to as the Beld altimeter or roving altirneter, is initially compared to the
low-base altimeter and then taken to various points whose elevations are o be
established. At each point the reading of the roving altimeter and the time are
recorded. The elevation of any point can be determined from the reading of the
roving altirneter at the point and the readings of the altimeters at the high and low
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TABLE 3-1 Two-Base Altimeter Reacings.
indexing on Low Base: Low-Base Altimeter 1180; High-Base Altimeter 1 1859

Roving Altimeter 1188

Roving-
Low-Base Low-Base High-Base High-Base Altimeter
Time Reading {ft] Elevation {ft) Reading {ft} Elevation {f] Reading {ft;
LES PM 1180 225 1637 £58 1360
215 P 118€ 225 1650 558 1425
2:20 P 1184 225 1645 858 1457

Before either the high-base readings or the roving-altimeter readings are used
for computing elevations, they must be corrected for index error. Thus the high-
base readings must be reduced by § ft and the roving-altimeter readings by 8 ft. It
is possible to make all three zitimeters read the same at the time of indexing by
physically adjusting the pointers, but this practice is not recommended. The cor
rected readings are shown here for convenience.

Correcied
Corrected Roving-

Low-Base High-Base Altimeter Difference  Difference

Reading Reading Reaging High-Low Roving- bh
Time {fei {ft) {ft} £} Low {ft] {ft}
(.55 p.M. 118G 1628 1352 448 172 166
2:15 P 118€ 1641 1417 455 23 220
2:2GPM. 1184 1637 1444 453 260 249

The known difference in elevation between the high base and the low base is
858 — 225 = 433 ft. This value is represented by the length of the vertical ine LH in
Fig. 3-6. At the time of the first field reading, the difference between the corrected
readings at the high and low bases is 448 . This value is represented by the length
of the sioped Bne L'AH. At the same time, the difference between the corrected
readings at the field point and the low base is 172 &, which is represented by the
distance L'P’. Then, by proportion, the differsnce in elevation A& between the
low base and the feld point, or the distance LF is (172)(433)/448 = 166 f. Simni-
larly, the differences in elevation between the low base and the other two poinis
are, respectively, (231){433)/455 = 220 ft and (260)(433)/453 = 248 £

Types of Spirit Levels

The instrument most extensively used in leveling is the engineer’s level. It consists
essentially of & telescope to which a very accurate spirit level is attached longisudi-
nally. The telescope is supported at the ends of a straight bar that is femily secured
at the center to the perpendicular axis on which it revolves. The level is supported

on a tripod.
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FIGURE 3-20 Precise tilting leve! with optica! micrometer used for geodetic ieveling.
Courtesy of Leica, Inc.

Hand Level and Clinometer
The hand level, shown in Fig. 3-23, is a brass tube with 2 small level tube mounied
on the top. A 45° mirror on the inside of the main tube enables the user to tel
when it is being held horizontally. As the rod viewed through the level is not mag-
nified. the length of sight is lirnited by the visibility of rod readings with the naked
eye.
The hand level is used on reconnaissance surveyvs where exireme accuracy is
unnecessary and in taping to determine when the tape is being held horizontally. It
is also used to advaniage for estimating how high or how low the engineers level
must be set to be able to read the leveling rod.

The clinometer, shown in Fig. 3-24, can be used in the same manner as the
nand level. In addition it can be employed for measuring vertical angles where

approximate resuits are sufficient.

Leveling Rods

in addition to the bar code rod used with the digital level, there are two other gen-
eral classes of leveling rods: self-reading and target rods. A self-reading rod has
painted graduations that can be read directly from the ievel When a target rod ie
used, the target is set by the rodman as directed by the levelman, and the reading
is then made by the rodman. Some types of rods can be used either as self-reading

rods or as target rods.
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The reading of a high rod is the distance {rom the base of the rod 1o the tar-
get. Thus, for the position shown in Fig. 3-25(b), the rod reading represents the
distance A When the targer is set al 7 {t on the extension part of the rod while
the rod is closed, the reading of the high rod is 7 ft, and the 7-ft graduation on
the back of the rod is opposite the zero of the scale on the sleeve. As the rod is
raised, the 7-ft mark moves upward, whereas the zero mark of the scale remains
stationary since it is attached o the lower portion of the rod. The distance &'
petween these two marks therefore increases zs the rod is extended further
Consequently, the distance 2’ is equal to the amount by which the target is
raised above 7 ft, and for any high-rod reading the distance & is egual to 7 ft
pius the distance /&’ To obviate actual addition, the foot graduations on the
back of the rod are numbered downward from 7 to 13. Thus, when the rod is
extended ! ft, the reading on the back is 7 + 1 = 8 ft, and so on. Therefore the
numbers must increase downward so the rod readings can become greaier as
the target is raised.

If the rod has been damaged by allowing the upper portion to slide down
with a bang, it is possible that the reading on the back of the rod will be less than
7T ft when the rear section is in the lowered position. In this case the target
should be set at the corresponding reading on the face of the rod before extend-

ing the rod.

Precise Leveling Rods

A precise rod is graduated on an invar sirip that is independent of the main body
of the rod except at the shoe at the bottom of the rod. The graduations are in
vards, in feet, or in meters, and the smallest graduations are 0.01 y2, .61 ft, and 1
cm, respectively, A vard rod or a2 meter rod is also graduated in feet on the back of
the rod. These foot graduations are painied directly on the main body of the rod.
They serve as a check on the more precise readings taken on the invar strip, and
help to prevent mistakes in rod readings. The precise rod is equipped with either a
bull's-eve level or a pair of level vials at right angles to each other to show when
the rod is vertical, and aiso with & thermometer. Front and back views of a precise

rod are shown in Fig. 3-26.

Reading the Rod Directly

If the target is not used, the reading of the rod is made directly from the tele-
scope. The number of feet is given by the red figure just below the horizontal
cross hair when the level has an erecting telescope, or just above the horizontal
cross hair when it has an inverting telescope. The number of tenths is shown by
the black figure just below or above the hair, the position depending on whether
the telescope is erecting or inverting. If the reading is required to the nearest
nundredth, the number of hundredths is found by counting the divisions between
the last tenth and the graduation mark nearest to the hair If thousandths of a foot



FIGURE 3-26 Precise leveling yoo.
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FIGURE 3-27 Durect reading of rad
{2} Rod graduated to 0.01 .
{b} Rod gracusted toc | cm.

are required, the number of hundredths is egual to the number of divisions
between the last tenth and the graduation mark on the same side of the hair as
hat tenth, and the number of thousandihs is obtained by estimation. If the
instrurnent is equipped with stadia hairs, care must be taken io read the correct
{middle) horizontal cross hair.

The readings on the rod for the positions x, 3, and 2 in Fig. 3-27(a) are deter-
mined as follows: For z, the number of feet below the cross hair is 4, the number of
tenths below is 1, and the cross hair coincides with the first gradustion above the
tenth mark; consequently, the reading is 4.11 f 1o the nearest hundredth, or 4.110
ft to the nearest thousandth. For y, the feet and tenths are again 4 and 1, respec-
tively, and the halr is just midway between the graduations indicating 4 and 5 hun-
dredths, therefore the reading to the nearest hundredth can be taken as either
4.14 or 4.15 . In determining the hundredths it is convenient 1o observe that the
hair is just below the acute-angle graduation denoting the ifth hundredth, and it is
therefore unnecessary to count up from the tenth graduation. If thousandths are
required, the number of hundredths is the lower one, or 4; and since the hair is
midway between two graduation marks on the rod and the distance between the
graduations is ! hundredth or 10 thousandths of a foot, the number of thousandths
in the required reading is ! x 10, or 5. Hence the reading to the nearest thou-
sandth is 4.145 . For z, the reading to the nearest hundredth is 3.96 f and that to

the nearest thousandth is 3.963 1.
Direct high-rod readings are made with the rod fully extended, as the gradua-

sions on the face of the rod then appear continuous.

The metric rod shown in Fig. 3-27(b) is numbered every decimeter and grad-
uated in centimeters. The double dot shown below the decimeter numbers indi-
cates the readings are in the 2-m range. The readings for positions p, g, and 7 are,

respectively, 2.430m. 2.373 m, and 2.349 m.
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what more satisfactory design for use with the optical micrometer is the line grad-
uetion shown in Fig. 3-33. The level used with this type of design contains a
horizontal cross hair that splits into a wedge halfway across the fieid of view. This
wedge can be centered on the line graduation with a high degree of accuracy by

the principle of symmetry.

Setting Up the Level

The purpose of direct leveling, as explained in Section 3-4, is to determine the dif-
ference of elevation between two points by reading a rod held on the points. These
can be made by the levelman without setting the target, or the target
can be set as directed by the levelman and the actual reading made by the rodman.
At the instant the readings are made, it is necessary that the line of sight deter
mined by the intersection of the cross hairs and the optical center of the objective
be horizontal. In 2 properly adiusted instrumnent this line will be horizontal only
wher the bubble is at the center of the bubble tube.
The first step in setting up the level is 1o spread the tripod legs so that the tri-
pod head will be approximately horizontal. The legs should be far enough apart to
preveni the instrument from being blown over by 2 gust of wind, and they should
be pushed into the ground far enough to make the level stable. Repairs to a dam-
aged instrument are always expensive. For this reason, no instrument shouid be

rod readings
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FIGURE 3-34 Manipulaton OF four isveling scraws.

set up on a pavement or a sidewalk. If such a setup cannot be avoided. additional
care should be exercised 1o protect it from possibie mishaps.

If the level contains four leveling screws, the telescope is turned over either
pair of opposite leveling screws, as shown in Fig. 3-34(2). The bubbie is then
brought approximately to the center of the tube by turning the screws in opposite
directions. The level bubble moves in the direction of the left thumb, a point well
worth remembpering. No great care shouid be taken {o bring the bubble exactly to
the center the first time.

The next step is to turn the telescope over the other pair of screws and o
bring the bubble exactly to the center of the tube by means of these screws. This is
shown in Fig. 3-34(b). The telescope is now turned over the first pair of screws
once more, and this time the bubble is centered accurately. The telescope is then
turned over the second pair of screws, and if the bubble has moved away from the
center of the tube, it is brought back to the center. When the instrument is finally
leveied up, the bubble should be in the center of the tube when the telescope is
turned over either pair of screws. If the instrument is in adiustment, the bubble
shouid remain in the center as the telescope is turned in any direction.

The beginner will need considerable practice in leveling up the instrument. It
is by practice alone that he is able to tell how much to turn the screws 1o bring the
bubble toc the center. The more sensitive the bubble, the more skill is reguired to
center it exactly. For the final centering, when the bubble is to be moved only a
part of 2 division, only one screw need be turned. The screw that has 1o be tight-
ened shouid be turned if both are a little loose, and the one that has to be loosened
should be turned when they are tight. When the telescope is finally leveled up, all
four screws should be bearing firmly but should not be so tight as to put a strain in
the leveling head. If the head of the tripod is badly out of horizontal, it may be

found that the leveling screws turn very hard. The cause is the binding of the ball-
and-socket joint at the bottom of the spindie. The tension may be relieved by loos-
ening both screws of the other pair

When a three-screw instrument is to be leveled, the level bubble is brought
paralle!l with a line joining any two screws, such as ¢ and b in Fig. 3-35(a). By
rotating these two screws in opposite directions, the instrument is tilted ebout the
axis {~i{, and the bubbie can be brought to the center. The level bubble is now
brought perpendicular to the line joining these first two screws, as shown in Fig.
3-35(b). Then only the third screw, ¢, is rotated to bring the bubble to the center.
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FIGURE 2-35 Mampulation of three leveiing screws

This operation tills the instrument about the axis m~—m. The procedure is then
repeated to bring the bubble exactly to the center in both directions.

When leveling a three-screw tilting level or an automatic level equipped with a
pull's-eve bubble, as shown in Fig. 3-35(c¢), opposite rotations of screws g and b
cause the bubble 10 move in the direction of the axis m—m. Rotation of screw ¢
oniv causes the bubble to move in the direction of the axis {—/.

In walking about the instrument, the levelman must be careful not to step
near the tripod legs, particulariy when the ground is soft. Neither should any part
of the leve! be touched as the readings are being made, because the bubble can be
pulled off several divisions by resting the hand on the telescope or on 2 tripod leg.
The bubble will not remain in the center of the tube for any appreciable length of
time. The levelman should form the habit of always checking the centering of the
bubble just before and just after making a reading. Only in this way can he be sure
that the telescope was actually horizontal when the reading was made.

Signals

In running a lne of levels, the levelman and the rodman must be in almost con-
stant comrnunication with each other. As 2 means of communication, certain con-
venient signals are emploved. it is Important that the levelman and the rodman
understand these in order to aveid mistakes. When the target is used, it is set by
the rodman according to signals given by the levelman. Raising the hand above the
shoulder, so that the paim is visible, is the signal for raising the target; lowering the
hand below the waist is the signal for lowering the target. The levelman, viewing
the rod and the rodman through the telescope, should remember that he can see
them much more distinctly than he can be seen by the rodman. Hence his signals
should be such that there is no possible chance of misunderstanding. A circle
described by the hand is the signal for clamping the target, and a wave of both
hands indicates that the target is properly set, or all right. The signa! for plumbing
the rod is 1o raise one arm above the head and then to lean the body in the direc-

rion in which the rod should be moved.



Running a Line of Levels

In the preliminarv example of direct leveling given in Section 3-4, it was assumed
thar the difference of elevation between the two poinis considered could be
obtained by a single setting of the level. This will be the case only when the differ-
ence in elevation is small and when the points are relatively close together. In Fig.
3-38. rods at points A and A cannot be seen from the sare position of the level If
it is reguired to Bnd the elevation of point X from that of 4, it will be necessary to
set up the level severz! times and io establiish intermediate points such as C, E,
and G. These are the conditions commonly encountered in the field and may serve
as an ilustration of the general methods of direct leveling.

Let the elevation of the benchmark (abbreviated BM) at 4 be assumed as
820.00 2. This is recorded as shown in the leveling notes of Fig. 3-37. The level is
set up at B, near the line between 4 and X, so that a rod held on the BM will be vis-
ible through the telescope; the reading on the rod is found to be 8.42 ft. This read-
ing is calied a backsight reading, or simply & backsight (abbreviated BS), and is
recorded as such in the notes. A backsight is the rod reading taken on a point of
known elevation to determine the height of instrument (abbreviated HI). If the
BS of 8.42 £t is added to the elevation of 4, the HI is obtained. Thus HI = 820.00 +
8.42 = 828.42 ft. This is shown in the notes.

After the HI has been established, a point O called a turning point, is
selected that is slightly below the line of sight. This point should be some stable
unambiguous object, so that the rod can be removed and put back in the same
place as many times as may be necessary. For this purpose, a sharp-pointed solid
rock or a well-defined projection on some permanent object is preferable. If no
such object is available, a stake or a railroad spike can be driven frmiy in the
ground and the rod held on top of it. After the turning point a1t C, designated TP-1,
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FIGURE 3-37 Level notes.

is set or selected, & reading is taken on the rod held on TP-1. If this reading is 1.20
ft, TP-1 is 1.20 ft below the line of sight, and the elevation of TP-1 is 828.42 - 1.20
= 827.22 ft, as shown in the notes. This rod reading is called a foresight (abbrevi-
ated FS). An FS is taken on a point of unknown elevation in order to determune its
elevation from the height of instrument.

Oecasionally, successive foresights and backsights are taken on an overhead
point such as on a point in the roof of a tunnel. The foresight taken on such a point
is added o the Hi to obiain the elevation of the point. The backsight taken on the
point is subtracted from the elevation of the point 1o determine the Hl Such read-
ings must be carefully noted in the field notes.

While the rodman remains at C, the level is moved 10 D and set up as high as
possible but not so high that the line of sight will be above the 1op of the rod when
it is again held at C. This can be quickly checked by means of & hand level. The
reading 11.58 £t is taken as & backsight. Hence, the Hl at D is 82722 + 1156 =
838.78 fi. When this reading is tzken, i is important that the rod be heid on
exactly the same point that was used for & foresight when the level was at &

After the backsight on C has been taken, another turning point £ is chosen,
and a foresight of 1.35 & is obtained. The elevation of £ is 838.78 - 1.35 = 837.43
#. The level is then moved to F and the backsight of 8.15 ft taken on £ The new HI
is 837.43 + 6.15 = 843.58 ft. From this position of the level, a foresight of 10,80 ft is
taken on {5, the elevation of which is 843.58 - 10.80 = 832.68 ft. The level is then
set up at A, from which position 2 backsight reading of 438 ftistakenon G, and &
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foresight reading of 5.94 % is taken on the new BM at X The final I is 832.68 +
4£.39 = 837.07 x, and the elevation of K is B37.07 —~ 5.84 = 831.13 . As the starting
elevation was 820.00 f, the point K'is 11.13 & higher than A.
When using the digital level, the elevation of the beginning benchmark is
keved in. The microprocessor automatically adds backsight readings to obtain suc-
cessive His, and subtracts foresights from preceding His 1o obiain the elevations of
suceessive turning points and new benchmarks. These values, together with point
designations keyed in by the instrumentman, are all stored in the memory module.

Checking Level Notes

Tc eliminate arithmetical mistakes in the calculation of His and elevations, the
arithmetic should be checked on each page of notes. Adding backsights gives £ BS;
adding foresights gives ZFS. Then Z BS ~ L FS should equal the difference in ele-
vation {DE) between the starting point 1o the last point on the page. This is shown
in the notes of Fig. 3-37. £BS - £FS = +11.13 &, and the caiculated DE is also
+11.13, which checks the arithmetic. The last point on the page shouid then be
carried to the following page before the BS on that point is recorded in the notes.

Check Levels

Although the arithmetic in the reduction of the field notes may have been verified,
there is no guarantee that the difference of elevation is correct. The difference of
elevation is dependent on the accuracy of each rod reading and on the manner in
which the field work has been done. If there has been any mistake in reading the
rod or in recording & reading, the difference of elevation is incorrect.

The only way in which the difference of elevation can be checked is by carrying
the line of levels from the last point back to the original benchmark or to another
benchmark whose elevation is known. This is called “closing 2 leve!l circuit.” If the
circuit closes on the original benchmark, the last point in the circuit, BMK in Fig.
3-36, must be used as 2 turning peint; that is, after the foresight has been read on
the rod at XK from the instrument setup at &, the level must be moved and reset
before the backsight is taken on K to continue the circuit to closure. Otherwise, if 2
mistake was made in reading the rod on the foresight io K from the setup at 5, this
mistake will not be discovered when checking the notes. A plan view of the level
circuit between 4 and X in which the circuit is ciosed back on 4 is shown in Fig.
3-38{z). Note tha: the level has been resef between the FS taken on X and the BS
taken on X In Fig. 3-38(b) the level circuit has been continued £o 2 known bench-
mark P £o close the circuil. BMK is used as a turning point in this instance.

If the fine of levels is carried back to BMA in the above example, on return the
measured elevation of 4 should be 820.00 . The difference represents the error of
closure of the circuit and should be very small. If a large discrepancy exists, the mis-
take rmay have been made in adding and subtracting backsight and foresight read-
ings. This will be discovered on checking the notes. Otherwise there was a wrong
reading of the rod or & wrong value was entered in the field notes. The adjustment
of a level circuit based on the error of closure is discussed in Section 5-11.
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Sources of Error in Leveling

The principal sources of error in leveling are instrumental defects, faulty ma
lation of the level or rod, settling of the level or the rod, errors in sighting, mist
in reading the rod or in recording or computing, errors due 1o natural sources

personal errors.

instrumental Errors

The most comrmen instrumental error is caused by the level being out of ad
meni. As has been previousiy stated, the Ine of sight of the telescope is horiz
when the bubbile is in the center of the tube, provided the instrument is in pe
adjustment. When it is niot in adjustment, the line of sight will either siope up
or downward when the bubble is brought to the center of the tube. The va
tests and adjustments of the level are given in Appendix B,

Instrumental errors can be elimingted or kept at 2 minimum by testing
level frequently and adjusting it when necessary. Such errers can also be e
naied by keeping the lengths of the sights for the backsight and foresight reac
nearly equal at each setiing of the level. Since it is never known iust whe
instrument goes out of adjustment, this latter method is the more ceriain
should always be used for carsfl leveling.

In Fig. 3-39 the line of sight with the level at B should be in the horizonta
EBGK. If the ine of sight slopes upward as shown and & sight is taken on 2 ¢
A, the reading is AF instead of AF. This reading is in error by the amount of i
¢,. Wher the telescope is directed toward a rod held at C or D, the line of sigh
still slope upward through the same vertical angle if it is assumed that the by
remains in, or is brought o, the center of the tube. The rod reading taken on (
be CH, which is in error by an amount GH = e,. If the horizomal distances BE
BG are egual, the errors e, and e, will be alike, and the difference between the
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FEGURE 3-40 Waving the roC o optain lowest reading

Fig. 3-40. The least reading obtainable is the proper cne. If the target is being
used, the line dividing the colors should just coincide with the cross hair and then
drop away from it. Errors from faiiure to hold the rod plumb will be much greater
on readings near the top of the rod than for those near the botiom. For this reason
more care should be exercised when making high-rod readings.

For careful work the lengths of the backsight and the foresight from the sarne
setup should be kept nearly equal (see Section 3-29). If in ascending a steep hill
the level is always kept on the straight line between the turning points, the dis-
tance to the backsight will be about twice as great as the distance to the foresight,
and considerable error may result if the instrument is not in good adjustment. If
there are no obstructions, these two distances can be kept nearly egual by setting
the level some distance away from the straight kine between the turning points. By
thus zigzagging with the level, this source of error can be eliminated.

istakes in Reading the Rod, Recording, and Computing

A common mistake in reading the rod is to misread the number of feet or tenths or
meters and decimeters. The careful levelman observes the foot and tenth marks
both above and below the cross hair. On close sights, no foot mark may appear
within the field of the telescope. In this case the reading can be checked by direct-
ing the rodman to place his inger on the rod at the cross hair, or if the reading is a
high one, by having him siowly raise the rod until a foot mark appears in the teje-
scope. In case of doubt the target can always be used.

Some instruments for precise leveling are eguipped with three horizontal
cross hairs. All three hairs are read at each sighting. If the hairs are evenly spaced,
the difference between the readings of the upper and the middle hairs should
equal the difference between the readings of the middie and lower hairs. This
comparison is always made before the rodman leaves g turning point.

Where readings to thousandths of a foot are being made with the target, a
cornmon mistake in recording is to omit one or more ciphers from such readings as
5.004, and to record instead 5.04 or 5.4. Such mistakes can be avoided by making
sure that there are three decimeal places for each reading. Thus the second read-
ing, if correct, should be recorded as 5.040, and the third as 5 400. If the values are
not so recorded, the inference would be that the levelman was reading only o

hundredths of a foot on the second reading and only to tenths on the third.
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ther common mistakes of recording are the transposition of figures and the
interchanging of backsight and foresight readings. If the levelman will keep the
rodman at the point long enough to view the rod again after recording the reading,
mristakes of the first tvpe can often be detecied. To prevent the interchange of
readings, the beginner should remember that ordinarily the frst reading taken
from each position of the level is the backsight reading and that oniy one backsight
is taken from any position of the level. Any other sights taken are foresights.
Mistakes in computations, as far as they affect the elevations of tuwrning points
and benchmarks, can be detected by checking the notes, as described in Section
5-26. This should be done as soon as the bottom of a page is reached, so that incor
rect elevations will not be carried forward 10 a2 new page.

Errors Due to Natural Sources

Ome error due 1o natural sources is that caused by curvature and refraction, as
described in Section 3-Z. The error from this source amounts to but 0.0002 ftin 2
100-f: sight (0.01 mmv/30 m) and to about 0.002 £t in 2 300-ft sight (0.7 mm/100 m).
Sc for ordinary leveling it is & negligible guantity. It can be practically eliminated
by keeping the backsight and foresight distances from the same setup equal. In
precise leveling, if the backsight and foresight distances are not substantially
eqgual, 2 correction is applied 1o the computed difference of elevation.

The familiar heat waves seen on 2 hot day are evigence of refraction, and
when they are seen, refraction may be & significant source of error in leveling.
When the heat waves are particularly intense, it may be impossibie to read the rod
uniess the sights are much shorter than those usually taken. Refraction of this
type is much worse close to the ground. For careful work it may be necessary €0
discontinue the leveling for 2 or 3 hr during the middle of the day. It may alsc be
possible to keep the error from this source at 2 low figure by taking shorter sights
and by so choosing the turning poinis that the line of sight wilibe at least 3or4 ft
or 1 m above the ground.

Betier results will usually be obtained when it is possible 1o keep the level
shaded. If the sun is shining on the instrument, it may cause an uneguai expansion
of the various parts of the instrument; or if it heats one end of the bubble tube
more than the other, the bubble will be drawn to the warmer end of the tube. For
precise work the level must be protected from the direct rays of the sun.

To guard against changes in the length of the leveling rod from variations in
temperature, the graduations on rods used for precise leveling are placed on strips
of invar which has an extremelv small coefficient of expansion. For ordinary level-

ing, errors from this source are negligible.

Personal Errors

Some levelmen consistently tend to read the rod toc high or too low. This may be
caused by defective vision or by an inability to decide when the bubble is properly
centered. In general, personal errors tend o be compensating, although some indi-
viduals may manipulate the level in such z way as to cause them to be curnulative.
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Such a tendency can be discovered by ieveling over a line that has been previously
checked by several different parties or by running a number of circuits of levels,
each of which begins and ends on the same point.

Limits of Ervor

I care is used in leveling, most of the errors will tend to be random. For this rea-
son the error in any line can be expecied to be proportional to the number of set-
ups. Since the number of setups per mile of levels will be nearly consiant, the error
will alsc be proportional to the distance in miles. The precision that is being
attained can be determnined by comparing the two differences of elevation
obtained by running levels in both directions over a line.

Level lines are classified as first order, second order, third order, or fourth
order in accordance with the field procedures used and zlso with the agreement
between the resulis of leveling in both directions over a line. Table 3-2 outlines the
standards for all but fourth-order accuracy in vertical control surveys and gives
the principal uses to which these levels of accuracy are applied. Trigonometric and
barometric leveling are considered as being of fourth-order accuracy or less.

Reciprocai Leveling

In leveling across a river or z deep valley, it is usually impossibie to keep the
iengths of the foresight and the backsight nearly equal In such cases reciprocal
ileveling is used, except where approximate results are sufficient. The difference of
elevation between points on the opposite sides of the river or valley is then

obtained from two seis of observations.
The method is illustrated by Fig. 3-41. The level is first set up at L, and rod

readings are taken on the two points 4 and B From these readings a difference of
elevation is obtained. The level is then taken across the stream and set at such 2
position L, that L,8 = [, A and L,A = L,B. From this second position, readings are
again taken on 4 and B, and a second difference of elevation is obtained. It is prob-
abie that these two differences will not agree. Both may be incorrect because of
instrumental errors and curvature and refraction. However, the true difference of
elevation should be very close 1o the mean of the two differences thus obtained.

The accuracy of this method will be increased if two leveling rods can be used,
so that no appreciable time will elapse between the backsight and the foresight
readings. it will be further increased by taking 2 number of rod readings on the
more distant point and using the average of these readings, rather than depending
on a single observation. If the distance AB is very great, if is important that the
atmospheric conditions be the same for both positions of the level. Otherwise 2
serious error may be introduced by a changed coefficient of refraction.

In Fig. 3-41, with the level set at L,, a backsight of 5.13 1 is taken on the rod held
at A and a foresight of 7.25 ft is taken on the rod held at B. With the level at L,, a
backsight of 4.88 £t is taken on 4, and a foresight of 6.82 £ is taken on B. The ele-
vation of 4 is 288.72 ft. Determine the slevation of B.
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foresight intervals, 27.845 F. The differsnce between LZFS intervals and Z BS

intervals is 27.845 ~ 22.464 = 5.381 ft. Therefore the observed value of Z FS means

must be corrected by an amount equal {0 the C factor times the difference

between the intervals, that is, by -0.0112x 5 381 = -0.080 ft. The corrected value

of ZFS means is thus 12.858 —~ 0.060 = 12.496 £. The corrected difference in ele-
2

o6 1.
vation is then T BSmeans — S FS means = 31.422 - 12.486 = +18.926 &

Profile Levels

The purpose of profile leveling is to determine the
along some definite line. Before a railroad. highway,
canal, or sewer can be designed, 2 profiie of the existing ground surface is neces-
sary. The route along which the profile is run may be a single straight line, as in the
case of a short sidewalk; 2 broken line, as in the case of a transrnission line or
sewer; or & series of straight lines connected by curves, as in the case of 2 railroad,
highway, or canal. The data obtained in the feld are usually employed in plotting
the profile. This plotted profile is 3 graphical represeniation of the intersection of
vertical surface or & series of vertical surfaces with the surface of the earth, but it
is generally drawn so that the vertical scale is much larger than the horizontal
scale in order {0 accentuate the differences of elevation. This is called vertical

exaggeration.

elevations of the ground surface
transmission line, sidewalk,

Stations

The line along which the profile is desired must be marked on the ground in some
manner before the levels can be taken. The common practice is to set stakes at
some regular interval--which may be 160, 50, or 25 ft, or 30, 20, or 10 m depend-
ing on the regularity of the ground surface at each of these points. The beginning
point of the survey is designated as station 0. Points at multiples of 100 ffor 100 m
from this point are termed full siotions. Horizontal distances along the line are
most conveniently reckoned by the station method. Thus points at distances of
160, 200, 300, and 1000 £ from the starting point of the survey are stations 1, 2, 2,
and 10, respectively. Intermediate poinis are designated as pluses. A poing that is
842.65 £t from the beginning point of the survey is station 8 + 42.65. If the plus sign
is omitted, the resulting gure is the distance, in feet, from station 0.

In the remainder of this chapter, reference will be made to stations of 100 fi.
However, 100-n stations are handied in exactly the same way if the leveling is per
formed in metric uniis.

When the stationing is carried continuously along a survey, the station of any
point on the survey, at & known distance from any station or pius, can be calcu-
lated. Thus a point that is 227.94 &t bevond station 8 + 42.65 is 842.65 + 227.94 =
1070.58 it from station 0 or at station 10 + 70.59 the distance between station 38 +
86.77 and station 54 + 43.80 is 5443.85 - 3868.77 = 1577.12 &

In the case of 2 route survey, the stationing is carried continuously along the
ine to be constructed. Thus, if the survey is for a highway or a railroad, the sta-
tioning will be carried around the curves and will not be continuous along the
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straight lines, which are eventually connected by curves. For the method of sta-
sioning that is used in surveys of this sort, see Chapter 18,

Fieid Routine of Profiie Leveling

The principal difference between differential and profile leveling is in the number
of foresighis, or -8 readings, taken from each setling of the level. In differentisl
ieveling only one such reading is taken. wheress in profile leveling any number can
be taken. The theory is exactlv the same for both types of leveling. A backsight, or
+8 reading, is taken on a benchmark or point of known elevation 1o determine the
height of the instrument. The rod is then held successively on as many points,
whose elevations are desired, as can be seen from that position of the level, and
rod readings, called intermediaie foresights (IFS), are taken. The elevations of
these points are calculated by subtracting the corresponding rod readings from
the height of the instrument (HI). When profile leveling with the digital level, the
instrumentman must indicate via the kevboard that intermediate foresights are
being observed from the current instrument setup in order that all JFSs are sub-
tracted from the current HI. When no more stations can be seen, a foresight is
taken on a turning point, the level is moved forward, and the process is repeated.
Leveling rods up to 25 fi long are used in profile leveling to accommodate low
spots aiong the line.

The method of profile leveling is illustrated in Fig. 3-48. The level having been

set up, 2 sight is taken on a benchmark, not shown in the sketch. Intermediate
foresights are then taken on stations 0, 1, 2, 2 + 65, 3, and 4. The sight is taken at
station 2 + 85 because there is a decided change in the ground slope at that point.
The distance to this point from station 2 is obtained either by pacing or by taping,
the better method depending on the precision required. To determine the eleva-
tion of the botiom of the brock between stations 4 and 5, the level is moved for-
ward after a foresight reading has been taken on the turning point just beyond
station 4. With the leve! in the new position, a backsight is taken on the turning
point, intermediate foresights are taken on stations 4 + 55,4 + 63,4 + 75,5, 5 + 70,
8,6 + 25, and 7, and lastly & foresight is taken on 2 turning point near station 7.
From the third setup, a backsight is taken on the turning point, intermediate fore-
sights are taken on stations &, 8 + 78, 9, 10, 10 + 40, and 11, and a foresight is
taken on & turning point near station 11. From the final setun shown in the fgure,
a backsight is taken on this turning point and intermediate foresights are taken on
stations 12 and 13. Finally, 2 foresight is taken on a2 benchmark not shown in the
skeich.
Readings have thus been faken at the regular 100-ft stations and 2t intermedi-
ate points wherever there is a decided change in the slope. The level has not nec-
essarily been set on the line between the stations. In fact, it is usually an advantage
t0 have the level from 30 to 50 ft away from the line, particularly when readings
must be taken on intermediate points. More of the rod will then be visible through
the telescope and the reading can be made more easily and quickly.

Benchmarks are usually established in the project arez by differential leveling
prior to running the profile leveling. When running the profile leveling, backsighis
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and foresights on benchmarks and turning poinis must be taken with the same
accuracy as thai used o esiablish the elevations of the project benchmarks, usu-
ally to the hundredth of 2 foor (0.001 m). This is necessary to maintain the overall
accuracy of the profile leveling, which minimizes the accumulation of errors. If
intermediate foresights along profiles are taken along bare ground, they need only
be read to the nearest tenth of a foot {1 cm). However, ¥ the entire profile is 2
paved surface, it may be required 1o read the intermediate foresights 1o the hun-
dredih of & foot, depending on the purpose of the profile. The profile leveling is
then adiusted between previously established project benchmarks.

If benchmmarks have not been established in advance, they shouid be estab-
lished as the work progresses. Benchmarks may be from 10 to 20 stations apart
when the differences of elevation are moderate, but the vertical intervals between
benchmarks should be about 20 ff where the gifferences of elevation are consider
able. These benchmarks should be so located that they will not be disturbed dur
ing any consiruction that may follow. Their elevations should be verified by
running check levels,

The notes for recording the rod readings in profile leveling are the same as
those for differential leveling excent for the addition of a column for intermediate
foresights. The notes and calculzations for & portion of the profile leveling shown in

Fig. 3-48 are given in Fig. 3-48.

Plotting the Profile

To facilitate the construction of profiles, paper prepared especially for the purpose
is commonly used. This has horizontal and vertical lines in pale green, blue, or
orange, 8o spaced as to represent ceriain distances to the horizontal and vertical
scales. Such paper is called profile paper If a single copy of the profile is suffi-
cient, 2 heavy grade of paper is used. When reproductions are necessary, either &
thin paper or tracing cloth is available. The common form of profile paper is
divided into : -in. squares by fairly heavy lines. The space between each two such

horizontal ﬁﬂ*es is divided into five equal paris by lighter horizontal lines, the dis-

tance between these light lines being ;@ in. To accentuate the differences of eleva-

tion, the space between two horizontal lines can be considered as eguivalent to
0.1, 0.2, or 1.0 £, and the space between two vertical lines as 25, 50, or 100 £,
according to the total difference of elevation, the amount of vertical exaggeration
desired, the length of the line, and the requirements of the work.
To aid in estimating distances and elevations, each tenth vertical line and each
#ieth horizonial line are made extra heavy. Profile paper showing the profile for
the level notes given in Fig. 3-49 is illustrated in Fig. 3-50. The elevation of some
convenient extra-heavy horizontal line is assurned to be 900 B, and 2 heavy verti-
cal Hine is taken as station 0. Each division between horizonial lines represents 1 &,
and each division between vertica! lines represents 100 ft, or one station. As the
elevation or station of each printed line is known, the points on the ground surface
can be plotted easily. When these points are connected with a smooth lne, an

accurate representation of that ground surface should result.
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earthwork at 2 minimum, to have the grade line straight for considerable distances
and its inciination within the allowable Imit, and tc have the excavation and the
embankment balance over reasonsbly shori streiches {(see Section 17-17). To
detertnine the best grade line may reguire considerable study, but the saving of
even & few hundred cubic vards of grading will pey for many hours of such study.

Where changes in the inclination of the grade line occur, the straight grades
are connecied by vertical curves {see Section 13-15).

Rate of Grade

The inclination of the grade line 1o the horizonial can be expressed by the ratic of
the rise or fall of the line to the corresponding horizontal distance. The amount by
which the grade Iine rises or falis in 2 unit of horizonta: disiance is called the roie
of grade or the gradient. The rate of grade is usually expressed as a percentage,
that is, as the rise or fall in 2 horizontal distance of 100 ft. If the grade line rises 2 f1
in 100 ft, it has an ascending grade of 2%, which is written +2%. If the grade lne
falls 1.83 ft in 100 fi, it has & descending grade of 1.83%. which is written ~1.83%.
The sign -+ indicates a rising grade line and the sign - indicates a falling grade line.

The rate of grade is written along the grade line on the profile. The elevation
of grade is writien at the extremities of the line anc alsc at each point where the
raie of grade changes. It is common practice to enclose in small circles the points
on the profile where the rate of grade changes. )

The rate of grade, in percent, is equal to the total rise or fall in any horizontal
distance divided by the horizonial distance expressed in stations of 100 ft. The
total rise or fall of a grade line in any given horizonta! distance is egual to the rate
of grade, in percent, multiplied by the horizontal distance in stations. The horizon-
tal distance, in stations of 100 £, in which a given grade line will rise or fall 2 cer
1ain number of feet, is egual 1o the amount of the reguired rise or fall divided by

the rate of gradient in percent.

The grade elevation in 2 construction project at station 4G + 50 is to be 452.50 ft.
The elevation along this same grade line at station 52 + U0 is to be 478.80 ft. What is
the parcent grade? What is the grade elevation at station 48 + 257 Refer to Fig. 3-52.

4807 478,80 1t

; 470.22 1 =
470;’ W s S
46015335 ~ 8
4505;_ — £52.50 &t
Py I P : ~

S P A —— %
bam 11,50 stations

FIGURE 3-82 Calculation of grade and elevation



Sofution: The difference in elevation betwaen the two points is 478.80 - 482.50 =
+28.30 &, The difference in stations is 52 —~ 40,80 = 11.50 siations. The percent
grade is thus +28.30/11.50 = +2.287%. Station 48 + 25 les 7.75 stations beyond
station 40 + 50. The rise of the grade line between these two stations is 7.75 x
2.287 = +17.72 fz. The grade eievation at station 48 + 25 is thus 4B2.50 + 17.72 =

470.22 1.

A backsight of 3.0485 is taken on a peint 60 m from the level A foresight of 1.1808 m
is then taken on a point 220 m from the level. Compute the correct difference in ele-
vation, taking intc account the effect of curvature. Neglect the effect of refraction on

the line of sight.
. Sighting across & lake 13 miles wide through a pair of binoculars, what is the height of
the shortest tree on the opposiie shore whose tip the observer can see i his eyes are
5 ft 3 in. above the shore line on which he stands?
A backsight of 5.865 f is taken on a point 20 f£ from the level. A foresightof 2.880 i is
then taken on a point 220 ft from the level Compute the correct difference in elevation
between the two peints, taking into account the effect of curvature. Neglect the effect

3-1.

3-3.

of refraction.

4 sailor is standing in the crow’s nest of a ship. His eyes are 120 £ above the level of

the water. Looking through his binoculars, he sees the tip of the mast of an approach-

ing ship. The mast is 150 ft above the water. What is the distance, in miles, between

the two ships?

. A vertical angle of ~2° 40 30” is read on a target that is 11.0 f above ground station B,

The telescope of the instrument is 5.0 &t above ground at station 4. AB = 482.5 m. The

elevation of station B is 345.46 m. Compute the elevation of station 4 in meters.

A siope distance between two points £ and ¢ is measured using a laser EDM, giving 2

correcied siope distance of 45,580.50 ft. The elevation of the lower point P is 154285

ft. Reciprocal vertical angles are measured at P = +2° 12" 15", and at @ = -2° 19’ 15",

Assume the instrurnent and sarget are at the same height above ground at the two sta-

tions. What is the elevation of point 97

In problem 3-8, using only the vertical angle at ¢/, together with the normal effect of

curvature and refraction, compute the elevation of Q.

A vertical angle of +12° 52° 25" is measured to a station at the top of a hill from an in-

strurnen: set up 2250 feet away from the hilltop station, measured horizontally. The

height of the target over the station is 12.28 fi. The telescope of the instrument is 5.20

i above the lower station, whose elevation is 322.64 fi. Assuming normal refraction

conditions, what is the elevation of the hilitop station?

3-8. The slope distance between two points C and D is measured as 12,476.82 m. A vertical
angle of +3° 12’ 22” is measured from € 10 D. The instrument is 1.63 m above ground
at (; the target is 1.83 m sbove ground at 0. Compute the difference in elevation from

34,

3-8.

3-7.

2-8.

Tl

3-10. Three altimeters 4, B, and C read as follows when set on a2 benchmark whose elevation
is4B7 f;, R, = 1408, Ry = 1423, R = 1413. Altimeter 4 is kept at the benchmark; altim-
eter B is taken to a2 benchmark at an elevation of 1848 fi; altimeter C is used as a field

altimeter. The following readings were taken:
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Altimeter Altimeter Altmeter
ime A B C Point
2:35 413 2797 1723 i
300 411 2803 1947 Z
5:05 1418 2811 1843 3
350 1413 2807 1568 4
«:08 1411 2801 1688 )

Determine the elevations of the five feld points.
. If the sensitiveness of 2 bubble on an engineer's level is 28” and the graduations on the
tube are 2 mm apart, what is the radius of curvature of the bubble tube in meters?

A level is set up, and the end of the level bubble is carefully brought to 2 graduation on

the tube by marnipulating the leveling screws. A reading of 1.8885 m is taken on a rod

held 110 m from the level. The level is then tiited so as 1o cause the end of the bubble
to move over six divisions, and a second rod reading of 1.7488 m is taken. The gradu-
ations are 2 mm apart. What is the sensitiveness of the bubble, and what is the radius
of curvasure of the bubble tube in meters?

A level is set up 195 &t from a leveling rod. One end of the bubble is carefully brought
to a gradueation on the tube by means of the leveling screws. A reading of 4.891 f1is
taken on the rod. The bubble is moved through five divisions, and a second rod reading
is £.742 ft. The spacing of the graduations is 2 mm. What is the sensitiveness of the
bubble, and what is the radius of curveture of the bubble tube, in feet?

" 3-14. Complete the accompanying set of level notes recorded when running differential lev-
=TT els between two benchmarks. Check the notes to detect arithmmetical mistakes.
Elevation
tation BS Hi FS ff)
-~ BM27 ™47 182.64
TPI Y ¥ 8.91
TEerT 216 0.08
P32 5.08 4.62
TP 12.85 3.16
BM2E Cle 1118
TPS 2.28 7.74
TP& £42 3202
™7 10.68 £92
TR8 805 6.22
TR E.15 5.80
BM28 6.62 5.08
TRiIC 4.85 £54
BME0 10.80
2.18. The line of sight of & Jevel falls at the rate of 0.122 f£/100 f when the level bubble is

centered. A backsight of 4.782 £t is taken on peoint 4, which is 75 ft from the level. The
elevation of 4 is 425.238 fi. A foresight of 5.162 ft is taken on point B, which is 190 &
from the level. If the bubble was centered for both the backsight and the foresight,

what is the elevation of B? Neglect curvature and refraction.
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3-16.

8-17%.

3-18.

3-18.

3-20.

Assume that an arez is (o be graded to a level surface, and that the grading is to be con-
trolied by grade stakes. The line of sight of the level rises at the rate of 0.086 f/100 &
when the bubble is centered. A backsight is taken on a point that defines the grade el-
evation, and the rod reads 4.28 ft. The backsight peint is 32 # from the level. A series
of grade stakes are set at the following distances from the level

Distance Distance Distance
Stake () Stake s Steke {f
i 20 g Tia 11 15
2 6& 7 137 13 75
3 26 & 180 13 190
& 102 S 166 14 230
5 128 18 202 i5 144

Compute the correct rod readings that will put the foot of the rod at grade at each of

these poinis.
Assume the graduations of 2 13-ft Philadelphia rod 1o be in the plane of the front of the
rod and that the shoe or foot of the rod is 1 in. wide front to back. What is the effect
on a rod reading of 11.000 f if the rod is held on a flat surface and is waved forward to-
ward the instrument such that the top of the rod moves 10 in.? What is the effect if the
rod is waved backward away from the level by the same amount (nearest 0.001 £)?

Complete the accompanying set of level notes in running differential levels between
two benchmarks. Check the notes for arithmetical mistakes.

Elevation
Station gS Hi FS {mj
BMIDIA 2.087 47 466
21 2.11¢ 0.884
TP2 1.B4E 1462
™2 0 484 1.588
P4 0.25€ 1778
BMI0ZA 1410 2.324
PS5 1.798 1.780
TP5 2.024 1.752
TR7 3108 1.046
P8 3148 2.353
P8 2.862 3.046
BMI103A 2,140 3.021
TP10 0.8%8 2.1086
BM104A 0.98%

The instrurnentman observes a low reading of 11.260 fiand a high reading of 11.285 &
when the rodman waves the rod. How far is the rod out of plumb at the 13-f mark when
the high reading is taken?

Compilete and check the accompanying set of profile level notes.
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Statior g3 H FS iFS #
BM3E £5e 49728
22+ 00 54
23 + 00 8.0
2347 3.2
24 + 00 3.6
24+ 18 2C
TRl e¥ex £.72

I8+ 00 48
26 + OO 128
26 + 80 SE
27 + 0C g5
27 + 78 12.4
28 + 00 12.4
TP £ 83 16.10

26+ 27 5.3
28 + 47 0.9
28 + 00 2.8
30 = 00 6.1
30+ 80 7.3
31+ 00 8.€
32+ 00 10.2
BM3S ©.82

/4'—\
' 8-21. Using a horizontal scale of 1” = one station and a vertical scale of 1” = 10 ft, plot the
profile of the line from the notes of Problem 3-20. ‘
8-22. The grade elevation at station 25 + 80.00 is to be 846.52 fr. What will be the grade ele-
vation at station 34 + 86.20 if the grade line rises at the rate of 1.785% between these
. two poinis?
b/\3-2‘73§; The grade elevation of station 153 + 60 is 763.60 &, anc the grade elevation of station
=" 181 + 75 is 785.44 ft. What is the grade, in percent, of 2 siope joining these two stations

{nearest 0.001%)7

2-24. Compute the siope of the line of sight of 2 level from the foliowing observations taken
in each instance with the level bubble ceniered. From the first instrument setup, the
reading on a rod at 4 is 3.728 £ and thal on 2 rod at B is £.286. The distance from the
level 10 A is 25 £, and the distance to B is 200 f&. From the second instrument setup,
the rod reading al 4 is 4.388 ft and that 2. B is 4.908 f1. The distance w04 is 185 &, and

thatto Bis 16 Rt.

1884 Level Survey. P.C.B 20:2.

Balazs. E.1. 1881. The 1878 Houston-Galveston and Texas Gulf Coast vertical conirol surveys.
Surveying ond Mopping 41:401.

——— 1881, Preliminary test results of the Wild/Listz NA 2000. Tech. Papers Ann. Conv.
Awmer. Cong. Surv. & Mapp. 1:6.

Berry, R. M. 1868. Experimental technigues for levels of high-precision using the Zeiss Ni2
automatic level. Proc. 29th Anr. Meet. Amer Cong. Surv. & Mapp. p. 308,
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Astronomical Meridian
A plane passing through 2 point on the surface of the earth and containing the
earth’s axis of rotation defines the astronomical meridian at the poini. The
direction of this plane may be established by observing the positicn of thesunorz
star, as described in Chapter 12. By popular usage the intersection of this meridian
plane with the suriace of the earth is known as the irue meridian.

gnetic Meridian

The earth acts very much like 2 bar magnet with a north magnetic pole located
considerably south of the north pole defined by the earth’s rotational axis. The
magnetic pole is not fixed in position but changes its position continually, A mag-
netized needle freely suspended on a pivot will come to rest in a position paraliel
to the magnetic lines of force acting in the vicinity of the needie. Generally, the
greatest component of the magnetic force at a point is that created by the earth’s
magnetic field, but other components may be created by other magnetic fields
such as those around electric power lines, reinforcing bars in roads and structures,
and iron deposits. The direction of the magnetized needie defines the magneiic
meridian at the point at a specific time. Unlike the true meridian, whose direction
is fixed, the magnetic meridian varies in direction.

A gracual shift in the earth's magnetic poles back and forth over a great many
vears causes a secular change, or variation, which amounts to several degrees in 2
cycie. An annual variation of negligible magnitude is experienced by the earth’s
magnetic feld. A daily variation causes the needle to swing back and forth through
an angle of not much more than cne-tenth of a degree each day.

Local attraction, the term applied to the magnetic atiractions other than that
of the earth’s magnetic field, may change at a given location. This change may be
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caused by z variation in the voltage carried by a power line or by 2 gradual
increase or decrease of 2 magnetic feid in reinforcing bars, wire fences, under-
ground utility pipes, or other meta! parts.

ridian
survey of Hmited extent, anv bne of the survey may be

Assumed |

For convenience in a
assumed to be 2 meridian or 2 line of reference. An assumed meridian is usually

taken 1o be in the generzl direction of the true meridian.

Convergence of Meridians

True meridians on the surface of the earth are lines of geographic longitude, and
thev converge toward each other as the distance from the eguator toward either of
the poles increases. The amount of convergence between two meridians in 2 given
vicinitv depends on (1) its distance north or south of the equator and (2) the gdif-
ference between the longitudes of the two meridians. Magnetic meridians tend to
converge at the magnetic poles, but the convergence is not regular and is not

readily obtainable.

Grid Meridian

Ancther assumption is convenient in z survey of limited extent: When a line
through one point of the survey has been adopted as a reference meridian,
whether true or assumed north, all the other meridians in the area are considered
to pe paralie] 1o the reference meridian. This assumption eliminates the necessity
for determining convergence. The methods of plane surveying assume that all
measurements are projected to 2 horizontal plane and that all meridians are paral-
iel straight lines. These are known as grid meridigns. .

Two basic systems of grids are used in the United States to allow plane survey-
ing to be carried statewide without any appreciable loss of accuracy. In each sepa-
rate grid one true meridian is selected. This is called the central meridian. All
other north-south lines in that grid are parallel 1o this line. The two systems, which
are known as the Lamberi conformal projeciion and the transverse Mercaior
projeciion, are the subject of Chapter 11.

muth of a2 Line
The azimuth of 2 line on the ground is the horizontal angle measured from the
plane of the meridian to the vertical plane containing the line. Azimuth gives the
direction ¢f the line with respect to the meridian. It is usually measured in & clock-
wise direction with respect to either the north meridian or the south meridian. In
astronomical and geodetic work, azimuths are measyred from the south meridian.
In plane surveying, azimuths are generally measured from north.

A line may have an azimuth between (" and 360°. In Fig. 7-1 the line NS repre-
sents the meridian passing through point O, with N toward the north. The azimuth

o
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FIGURE 7-2 Relationship between azimuth and back azimuth.

of the line 04 measured from the north is 707 that of OB is 145°; that of OC is 235",
and that of 0D is 330°. Azimuths are called true azimuths when measured from the
true meridian, magnetic azimuths when measured from the magnetic meridian,
assumed azimuths when referred 1o an arbitrary norih-south line, and grid azi-
muths when referred 1o the central meridian in a grid system.

in the field of geodesy and geodetic surveying, the azimuth of 2 line is termed
geodetic azimuth. It differs slightly from the true azimuth because 2 line at a point
normal to the reference spheroid (see Sections -2 and 9-8) does not exactly fol-
low the direction of gravity at that point, whereas true azimuth is related to the

loca! vertical line.



7-7 Back Azimuth
When the azimuth of & line is stated, it is understood to be that of the line directed
from an original point to a terminal point. Thus a line LA has its origin at L and its
terminus at P I the azimuth of LP is stated as 85°, then the azimuth of the line PL
must have some other value since L7 and PL do not have the same direction. One
direction is the reverse of the other. For the purpose of discussing back azimuth,
consider the line LF in Fig. 7-2. In the diagram NS is the meridian through L, and
NS’ is the meridian through 2 According to the assumption in plane surveyving,
ihe two meridians are paralilel 1o each other. If the azimuth of LP is 85" then the
azimuth of PL s 85" + 180", or 285°. Thus the back azimuth of LP is the same as the

azimuth of PL. In Fig. 7-3 the azimuth of CD is 320° and the back azimuth of CD,

which is the azimuth of DC, is 320"~ 180", or 140",

From the preceding explanation, it is seen that the back azimuth of a line can
be found from its forward azimuth as foliows: If the azimuth of the line is less than
180", add 180 to And the back azimuth. When the azimuth of i:he line is greater

than 180", subtract 180° to obtain the back azimuth.

7-8& Bearing of a Line

The bezaring of a line also gives the direction of the line with respect 16 the refer
ence meridian. Uniike ar azimuth, which is always an angle measured in g definite
direction from a definite half of the meridian, a bearing angle is never greater than
G0°. The bearing states whether the angle is measured from the north or the south
and alsc whether the angle is measured toward the east or toward the west. For
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FIGURE 7-3 Azimuth ang back azimuth.
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exampie, if 2 line has 2 bearing of 8 35 E (called south 35" east), the bearing angle
35" is measured from the south meridian e ard. Figure 7-4 shows four bnes, the
origin in each case being point O Each line les in & different quadrant. The bearing
fOABNTYE that of OBisS35°E; thatof OC s 555 W, and that of D s N 30° W,
it is apparent from Fig. 7-4 that the bearing angle of 2 line must be between §©
and 90°. A stated bearing is a ryue bearing, & magneiic bearing, an assumed bear-
ing, or & grid bearing, according to whether the reference meridian is true, mag-
netic, assumed, or grid. In land surveying and in the conveyance of title to
property, references are made to maps, notes, and plats of previous surveys that
are recorded with the varicus counties throughout the United Siates. When refer
ence is made (o a bearing in such a previous survey, the term vecord bearing is
used. If reference is made to 2 property deed, the term deed bearing is used. The
terms deed bearing and record bearing are comrnonly used interchangeably.

7-8 Back Bearing
The bearing of a line in the direction in which a survey containing several lines is
progressing is called the forward bearing, whereas the bearing of the lne in the
direction opposite to that of progress is the back bearing. The back bearing can be
obtained from the forward bearing by simply changing the letter Nio SorSto N
and also changing E to W or W to E. In Fig. 7-B the bearing of the line A5 is
N 88° E, and the bearing of B4, which is in the reverse direction is S 68" W.

7-10 Relation Between Azimuths and Bearings

To simplify computations based on survey data, bearings may be converted to azi-
muths and azimuths may be converted to bearings. The instances when such con-
version is converient will become apparent in later chapiers. The conversion itself

is quite simple.
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An inspection of Fig. 7-1 will show that the line 04, whose azimuih from north
is 707, ies in the northeast guadrant since the angle eastward from the meridian is
lese than 90°. Furthermore it is apparent that the bearing angle and the azimuth
are identical. Therefore the bearing of OA is N 70" E. The line OB is 145" from the
north meridisn. It lles south of a due-east Iine and is therefore in the southeast
guadrant. The problem in this case is to determine the angle from the south merid-
ign. Since the north meridian and the south meridian are 180" apari, the problem is
solved by subtraciing the azimuth, or 145°, from 180" to arrive at the bearing angle,
which is 35°. Therefore the bearing of the line OB is S 38" E. The line OC is 235°
from the norih merician in a clockwise direction and is beyond the south meridian
ir & westerly direction by an angie of 235"~ 180", or 55°. Therefore if the azimuth is
235°, the bearing is S 55° W. For the line OD the angle from the north meridian is
330° in 2 clockwise direction. The angle from the north meridian in 2 counterciock-
wise or westerly direction is 360° — 830°, or 30", The line OD Iies in the northwest
guadrant, and its bearing is N 30" W.

The rules to observe in converting from azimuths to bearings are very quickly
established in a person’s mind after the rules have been put to practice a few
cimes. They are as follows: (1) If an azimuth from north is between 0" and 80°, the
line is in the northeast guadrant, and the bearing angle is egual to the azimuth;
(2) if an azimuth from north is between 90" and 180", the line is in the southeast
guadrant, and the bearing angle is 180" minus the azimuth; (3) if the azimuth from
north is berween 180° and 270°, the line is in the southwest guadrant, and the
bearing angle is the azimuth minus 180 (4) if the azimuth from north is between
270" and 360", the line is in the northwest guadrant, and the bearing angle is 360°
mminus the azimuth.

To convert from bearings to azimuths, it is only necessary to reverse the fore-
going rules, and the computations should be made with the same mental ease. The
azimuth of 2 line in the northeast quadrant is equal to the bearing angle; that of a
Bne in the southeast guadrant is 180" minus the bearing angle; that of & line in the
southwes: guadrant is 180° plus the bearing angle; that of a line in the northwest
guadrant is 360° minus the bearing angle. As an example, the azimuth of 2 line
whose bearing is N 77° 42" 16”W is 282° 16" 44"
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FIGURE 7-5 Bearing and back bearing
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7-11

Jagnetic Compass
Since a freely suspended magnetized needle will lie in the magnetic meridian, the
direction: of a line can be determined with respect to the needie, and thus o the
rnagnetic meridian, by measuring the angie between the line and the needle. The
magnetic compass is constructed so as to allow a needle to swing freely on a pivot
when in use, and to allow a line of sight ¢ be directed from the occupied poinf to a
terminal point. As shown in Fig. 7-6, a2 graduated circle is rotated as the line of
sight is rotated. The north-seeking end of the compass needie is read against the
circie to obtain the angle between the magnetic meridian and the line of sight.

The circle and the needle are encased in 2 metal compass box and are covered
with a glass plate. The line of sight normally is fixed in line with the zerc mark or the
north graduation on the circie. Thus, if a line of sight is directed along the north

FIGURE 7-86 Surveyor's compass.
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magnetic meridian, the needie will point to the zero mark or to the north graduation.
As the line of sight is turned clockwise frorn magnetic north, the needle remains in
the magnetic meridian, but the graduated circle is turned clockwise through the cor
responding angle. When the line of sight is turned exactly 80 east of north, then the
jetter £ is brought opposite the north end of the compass needle. The circle thus
indicates that the magnetic bearing is due easi, as il should. I the Iine of sight is
rurmied exactly 1807 from north, the letter S is brought opposite the north end of the
needle, and the magnetic bearing of the line of sight is shown to be due south.

The surveyors compass (Fig. 7-8) is the instrumernt that was used in the past
to run surveys of reasonable accuracy. Its main part is the compass box containing
the graduated circle between 4 and 6§ in: in diameter, the magnetic needle, one or
two level bubbles 1o allow the circle to be brought horizontal, long sight vanes to
allow fairly accurate pointings ziong rather steeply inclined lines, and a screw for
lifting the needle off the pivot and against the glass cover plate. The compass box
is fitted with 2 spindle that rotates in 2 socket. The socket fts in 2 leveling head
censisting of a bali-and-socket joint, and the whole compass assembly is leveled
about the ball-and-socket against friction applied by 2 clamping nut. The leveling
head is fastened to a tripod or to a staff and is used in the field in this fashion. The
circie is usually graduated in haif degrees. The sight vanes are aligned 5o that the
iine of sight passes through the north graduation on the circle.

The transit compass is similar to the surveyors compass in all respects save
for the method of leveling and for the line of sight. The compass box seis in the
center of the horizontal limb of the transit, astride of which are the standards that
hoid the telescope (see Fig. 4-8). The method of leveling the transit, and thus the
compass box, was described in Section 4-14. The line of sight for the transit com-
pass is the collimation line of the telescope defined by the center of the objective
lens and the intersection of the cross hairs. The telescope of the {ransit is capable
of being raised or depressed for sighting along inclined lines. The letter N on the
compass circle is normally under the obiective end of the telescope when the tele-
scope is in the direct position (see Section 4-17). The letter S is under the eye-
piece. Therefore this arrangement keeps the north graduation directed along the -
line of sight just as in the case of the surveyor's compass.

Determining Directions with a Magnetic Compass

When using a survevoer's compass or & transit, the ohserver occupies one end of the
line, centers the instrument over the point, and jevels the instrumeni. He releases
the clamp holding the needle, allowing it to rest on the pivol. He then directs the
line of sight toward a point at the other end of the line and brings it on that point.
When the needle comes to resi, he reads the circle at the north end of the needie
to obtain the bezring of the line from the occupied point to the point sighied on.
He then clamps the needle before disturbing the instrument.

To obtain the back magnetic bearing as a check, he occupies the second point
and sights back to the first point, reading the north end of the needle as before.
The bearing angles should show reasonable agreement, and the letters N and § as
weli as £ and W should be reversed on the back bearing. This check should be

made before leaving the point.
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nation

The magnetic poles do not coincide with the poles defined by the earth’s rotational
axis, and certain regularities in the earth’s magnetic feld cause local and regional
variations in the direction of the needle. Therefore, except in a very narrow band
around the earth, the magnetic needie does not point in the direction of true
north. I some areas the needie points east of true north; in other areas the needle
points west of true north. The amount and direction by which the magnetic needie
is off the true meridian is calied the magnetic declinaiion (formerly called varia-
#iom). Declination is positive or plus when the needle points east of true north, and
it is negative or minus when the needle points west of true north. The declination
varies from +23° in the state of Washingion to -22° in the state of Maine; the total

range over the United States is 45°.
The declination in a given vicinity can be obtained by observing the magnetic

bearing of 2 line of known true azimuth or bearing.

The magnetic bearing of a line of known true azimuth is cbserved as S55° 40°E. The
true azimuth of this line is 108" 05’. What is the magnetic declination at the point?

Soiution: The magnetic azimuth according to Section 7-10 is 124° 20’. As shown
in Fig. 7-7, the difference is 15" 15’, and the declination is 158° 15'W. P

Horizontal Angles from Compass Bearings

Axn angle at a point can be obtained, within the limits of accuracy of compass read-
ings, by observing the bearings to the backsight station and the foresight station.
The resulting angle is free from the effects of the declination and of any local
attraction affecting the compass needle since both sights are referred to the com-

pass needie.

FIGURE 7-7 Magnetic deciination.
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EXAMPLE V-2 The foliowing bearings were observed at the poimis in the
shown in Fig. 7-8. Compute and adjust the angles.

Observed Adiusted
Ling Mag Bearing Unadiusted Angles Angles
AD ST7TT00 &
N80 = T77°00% + 127 = 115700 1147457
AE NI1ZT00 W
3A SI2°00 E
82730~ 12700~ 7073l 7QiE
g8C £ 82 3y &
CE N 82O W
180" - (827 00+ 207007 = 78°CU 7T &Y
co S 20° 00w
oC N20°0C E
20"+ 770 B0 = STTEY 971

361700 3607 00

Solution: The caiculations are shown in the accornpanying table. The student
should refer to Fig. 7-8 to follow these calculations. Since the angles do not total
(n-2)180°, they are adjusted equally by subtracting 15 from each angle. <

FIGURE 7-8 =onizontal angles from compass bearings.
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N

Pl
7-1. Convert the foliowing bearings to azimuths: (&) 8 15"25"207E, () N 18" 163078,
(e NIZ 630" W, (d)S27 20 158" W, (e} 888 18 40" E.
7-2. Convert the following bearings to azimuths: (a} N45° 27 48" W {bIN27° 20’ 35" E,
_fe3 82T 2038 E.(d)STT 20 18" W, (e} N&Y 10/ 15" W.
Pra
7-3. Convert the following azimuths to bearings: (&) 106°22°10", (b) 57" 18507,
L {23327 147207, (&) 267 B3 157, {e) 178" 147 20"
14
7-4. Convert the following azimuths to bearings: (&) 20°12'30", (b) 807 047 507,
{c) 188" 14" 40", (&} 270" 14" 15", (e) 354" 268" 15”.
7-8. The true azimuth of 2 line is 187" 10". The observed magnetic bearing of the line is
S 2° 18" E. What is the magnetic declination of the point of observation?
7-8. In & fve-sided traverse, ABCDE, the following ragnetic bearings were observed:

Observeg
Line Magnetic Bearing
AE S 7To0W
AR N 75°30E
BA S 7530 W
B8C S 45°30°W
c8 N 46° 00" E
co S 15°0C E
DC N 14°30°W
DE N 82°30'W
ED S 82730t
EA N 630E

Compute the interior angles in the traverse and adiust them egually.



Traverse

A traverse is a series of connected lines of known length reiated 1o one another by
known angles. The lengths of the lines are determined by direct measuremert of
norizontal distances, by slope measurement, or by indirect measurement based on
the methods of tacheometry. These methods are discussed in Chapters 2 and 14.
The angles at the traverse stations between the lines of the traverse are measured
with the instruments discussed in Chapter 4. They can be interior angies, deflec-
tion angles, or angles to the right, which are discussed in Chapter 6.

The resulis of field measurements related 10 a traverse will be a series of con-
nected lines whose lengths and azimuths, or whose lengths and bearings, are
known. The lengths are horizontal distances; the azimuths or bearings are either
true, megnetic, assumed, or grid.

A completely different method of traversing can be performed using an iner
tial svstern. This system incorporaies a2 gyro-siabilized platiorm containing three
accelerometers criented at right angles to one another, a precise clock, and an on-
board computer. The accelerometers sense accelerations in the north-south,
easi~west, and vertical directions from which displacements in these three direc-
tions are computed.

The satellite consteliation of the Global Positioning Systern {GPS) is used in
traversing by the method referred to as kimematic GPS surveying and is
described in detadl in Chapter 10.

In general, traverses are of two classes. One of the first class is an open
sraverse. It originaies either at 2 point of known horizontal position with respect to
2 horizontal datum or at an assumed horizontal position, and terminates at an
unknown horizontal position. A traverse of the second class is a closed traverse,
which can be described in any one of the following three ways: (1) It originates at

241
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an assurned horizonta! position and terminates at that same point; (2) it originates
at & known horizontal position with respect Lo & horizontal datum and terminates
at that same peint; (3) it originates &t 2 known horizontal position and terminates
at ancther known horizonial position. A known horizontal position is defined by its
geographic latitude and longitude. by its Y and X coordinates on a grid system, or
by its location on or in reiation to a fixed boundary.
Traverse surveys are made for many purposes and types of projects. some of
which follow:
® To determine the pesitions of existing boundary markers
» To esiablish the positions of boundary lines
@ To determine the arez encompassed within the confines of & boundary
e To determine the positions of arbitrary points from which data may be
obtained for preparing various types of maps, that is, to establish conérol
for mapping
e Tp establish grounad control for photogrammetric mapping
@ To establish control for gathering data regarding earthwork guantities in
railroad, highway, utility, and cther construction work
e To establish control for locating railroads, highways, and other construction

WOTK

8-2 Open Traverse

8-3

An open traverse is usually run for exploratory purposes. There are no arithmeti-
cal checks on the field measurements. Since the figure formned by the surveyed
lines does not close, the angles cannot be summed to a2 known guantity, for exam-
ple, the angles in a plane triangle sum to 180°. None of the positions of the
traverse stations can be verified, since no known or assumed position is included
except that of the starting staticn. To strengthen an open traverse, that is, to ren-
der it more reliable, several techniques may be employed. Each distance can be
measured in both directions and can be roughly checked by using the stadia hairs

f the theodolite (see Chapter 14). The measurements of the angles at the stations
can be repeated by using the methods of Chapters 4 and 6 and checked approxi-
mately by observing magnetic bearings. The directions of the ines can be checked
by observing the sun or the stars to determine frue azimuths or bearings of
selected lines in the traverse. An open traverse should nol be run for any perma-
nent project or for any of the projects indicated in Section 8-1 because it does not
reveal mistakes or errors and the results are always open o doubt.

{Closed Traverse

A traverse that closes on itself immediately affords a check on the internal accu-
racy of the measured angles, provided that the angle at each station has been mea-
sured. As will be discussed later, a traverse that closes on itself gives an indication
of the consistency of measuring distances as well as angles by affording 2 check on
the position closure of the traverse. Uniess astronomical observations for azimuths
(see Chapter 12) have beer made &t selected stations of 2 traverse that closes on
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sself, the ondy provision for verifying the directions of the lines is that afforded by

he anguiar closure. In this type of traverse, there is nc check on the systematic
errors introduced into the measurement of lengths. Therefore, when this type of
traverse is executed for a major project, the measuring apparatus musi be care-
fully calibrated to determine the systematic errors and to eliminate them.

4 traverse that originates a1 2 known position and cioses on another known
position is by far the most reliable, because a check on the pesition of the final
point checks both the linear and angular measurements of the traverse. Wher a
point of known position is referred to, it is understood that such 2 point has been
located by procedures as precise as, or more precise than, those used in the
traverse being executed. These procedures are the methods of either traversing,
triangulation, trilateration, or GPS surveving. Triangulation and trilateration are
the subjecis of Chapter 8.

D et b

interior-Angle Traverse

Arn interior-angle traverse is shown in Fig. 8-1. The azimuth or bearing of the line
AP is known. The lengths of the traverse lines are measured to determine the hor
izonial distances. With the transit or theodclite at 4, theangle at 4 from Pio B is
measured to determine the azimuth of line A8 The angle at A from £ to B is also
rmeasured, as this is one of the interior angles in the figure. The instrument is then
setup at 5. C, I, angd £ in succession, and the indicated angles are measured. The
notes for the angies are recorded as indicated in Chapter 6. Had the azimuth of
one of the traverse sides been known, there would have been no necessity for

measuring the angle st A from P ic B

FEGURE 8-1 interior-angle traverse
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TABLE 8-1 Adjustment of Angles
in an interior-Angle Traverse

wMeasured Adiustec
Station Angle Correction Angie

A 78" 22730 -18” 78" 227487
B 11072800 187 110028187
C 1527 29°00" +i8” 1532918
D E8° 20307 +18” 58° 20 48"
£ 135° 187307 +18” 139718 48"
535" 58 307 5407 0C7 00"

-540° 007 007

closure = —i7307

To test the internal angular closure, the interior angles are added and their
sum compared 1o (n ~ 2)180°, which in this exampile is (6 — 23180° = 540°. The
total angular error, or the closure, is 17 30”. In the tzbulation in Table 8-1 the mea-
sured angles are adjusted by assuming that the angular error is of the same
amount at each station. This assumption may not be valid, because an error in
anguler measurement, all other things being egual, will increase as the lengths of
the adjacent sides decrease. In the traverse of Fig. 8-1 the interior angles are pre-
sumed $¢ have been measured to the nearest 30”. The manner of adjusting the
17 30” closure can be somewhat arbitrary in this instance. For example, instead of
applying an 18” correction to each angle, the discrepancy could be distributed by
correcting the angies at 4, B, and C by 30” each, or by correcting the angles at 4,
C, and D by 30" each.

After the adiusted angles are computed, they should always be added o see
whether their sum is, in fact, the proper amount. A mistake in arithmetic either in
adding the measured angles or in applying the corrections will become apparent.

The azimuth of the line AP in Fig. 8-1 is known, and the azimuths of all the
traverse sides can be determined by using the measured angle at A from P 1o B
and the adjusted interior angles in the ciosed figure. Since the bearing of AP is
§24° 15 30" W, the azirmuth of AP reckoned from north is 204" 15 30”. As indi-
cated in Fig. 8-2, the azimuth of AF is equal {0 the azimuth of AP plus the angle at
A from P to B, or 204" 18" 30" + 128" 45" 00" = 331" 00’ 30”. The azimuths of the
other lines are computed systematically by applying the adjusted angle a2t each
station £o the azimuth of each backsight Ine in turn. To determine the azimuth of
BC, compute the azimuth of B4 by subtracting 180" from the azimuth of AB and
then add the adjusted angle at B from 4 to O A similar procedure is adopied at
each station (see Table 8-2).

The azimuths of the lines can aiso be computed by applying the angles a2t 4 E,
D, C and B in that order. Then each interior angle would be subiracted from the
azimuth of the proper back line. This is apparent from a study of Fig. 8-1.

The bearing of each line, if desired, is determined from its azimuth. Since the
conversion from azimuths to bearings is easily made, i is unwise o attemps to
compute the bearing of each Hne directly by applying the proper angle in the
traverse to the bearing of the adjacent line.
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FIGURE B-2 Determining
azimuth of ine AE.

TABLE 8-2 Computation of Azimuths and Bearings
Using Adjusted interior Angles

Line Azimuth Bearing
AF 2047 157 3D S24" 157307 W
{+ LA} » 126" 45 00"
AE 351700 30”7 N28° 58 30"W
EA 151° 00 30"
{+ ZB) +110" 28 18"
ar 2617 28 48~ S8BT 4B"W
CE 817 28 48"
(- L0 +182° 297 18~
o 2347 58 g7 554758 06" W
oc 547 58 08"
{+ LDy + 58" 20 487
%3 112" 18 547 Se8 41108 £
£C 203" 18 5"
{+ LB} + 130" 18 487
EA 4320 370427
EA 7203747 NT22T 427 E
Af 2827 ET 427
‘v LA+ T8 22 4B
AE 3217 00 30" check N 28 B9 30"W
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in 2 traverse of n sides or stztions, the closure of the measured angles should
not exceed the least cournt of the vernier or scale of the instrument times the
square root of n. With care in sighting, in centering the instrument, and in reading
the verniers or scales, the angular closure can be expected to be half this allowable
amoun:. Of course, with few traverse stations, this precision may not be obtainable
since the opportunities for random errors to compensate are few.

One very important point to observe in the preceding example of an interior-
angle traverse is that there is no check on the angle at A from £ 1o B. If this angle
is in error. then the error affects the azimuth of each line in the traverse. To avoid
the possibility of making 2 mistake in measuring this angie, the ciockwise angie at
A from B to P should also be measured. This measurement immediately affords a
check at station 4 since the angle at 4 from P to B and the angle at 4 from B (o P
shouid total 360", If the azimuth of one of the sides of the traverse were known,
then this uncertainty would have been avoided, because the test of the accuracy in
this case is simply that the sum of the interior angles should equal (72 — 2)180".

Deflection-Angle Traverse

A deflection-angle traverse that originates at station 0 + 00 and closes on station
22 + 20 is shown in Fig. 8-3. The azimuth of the line F'G is fixed as 198" 35" and the
azimuth of EM is fixed as 308° 43', these directions having been estabiished by pre-
vious surveys. The traverse is made to fit between these two fixed azimuths. After
the deflection angles and the lengths of the severa! courses have been measured,
the check on angular closure is made by carrying azimuths through the traverse by
applving the deflection angles. In Fig. 8-4 the azimuth of GF is 18° 35', obtained by

H
P
W
-
onyv

£

§
, - 422 + 20
= Azimuth = 306°%3" E |

H

T,

. i =
\\Ez + i : e
I

~ U8 serL )

FIGURE 8-3 Deflection-angie traverse between fixed azimuths.
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FIGURE 8-4 Determining azimuth of line FA

subtracting 180" from the azimuth of F'G. So the azimuth of the line F4 is 16° 35’
pius 44" 28 which is the right deflection angle at 7 from G to A. The addition gives
81" 03’ as the azimuth of FA. Now to determine the azimuth of the nex: line 45,
the right deflection angle at A from & to B is added to the azimuth of F4 pro-
longed. This sum is 61703 + 87" 42" = 118" 45" Observe that no back azimuths
need be computed as was the case for the interior-angle traverse. To compute an
azirnuth by using 2 deflection angle, simply add a right deflection angle to the for-
werd azimuth of the backsight to obtain the forward azimuth of the foresight; or
subtract z left deflection angle from the jorwaerd azimuth of the backsight to
obtain the forweard azimuth of the foresight. A computation of azimuths in 2

defiection-angle traverse is given in Tabie 8-3.
In the example in Fig. 8-3, the computed azimuth of EM failed 1o check by 2".

Since six deflection angles were measured, the correction to each angle is 307
instead of applying this correction to each angle and recomputing the azimuths,
the azimnuths themseives are adiusted. The azimuth of FA4 receives a 30 correc-
tion, since this azimuth was obtained by considering only one measured angle; the
azimuth of AP receives a 1" 00" correction, since this azimuth was obtained by
using two angies, and so on. The correction to the last azimuth is 8 x 30" = 3° 007,
since this azimuth was obtained by using all six defiection angles.

Figure 8-5 fliustrates deflection-angle traverse that closes on the point of ori-
gin at L. The bearing of the line OF is kniown to be N 66" 02" W. Before the bearings
of the remaining sides are computed, the angles must be adiusted so that the dif-
ference between the sum of the right deflection angles and the sum of the left
defiection angles is 360", It is found that the sum of the right defiection angles
must be reduced and the sum of the left deflection angles must be increased. The
correction in this case is distributed equally among all of the angles. Had the angu-
lar closure been, for example, only 01°, then 30" could have logically been added to
the angle at IV and subtracted from the angle at §, since these two angles are
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TABLE 8-3 Computation of Azimuths and Bearings Using Deflection Angles

Line Azimuth Correction Adjusted Azimuth Adijusted Beaning

CF 16° 35" fxed N18° 35’ 00" E
(+ LF) + 44" 28

FA T 81 0% -0 30" 61702 30" NB1T02 307E
Vi LA+ BT 47

AB 118745 -i7oc” 18" 447007 S5 1800 E
(+£B/ + 30" 1%

. D 2y .. o 3 ¢ e o - “ .

8¢ 142° 00 -1730 1487 58 30 S21TQ01M30"E
L - 18750

o 130710 ~2' 007 130° 08’ 00~ S48 527007 E
(~£Dl - 968" 02

DE 347 0F ~-20 30" 34° 057 30 N 34° 05 30" E
DE 294" 08’
(~LE]~ 87" 22

EM 306" 467 -2 00" 30€° 43 Q0" NEB2 1700w

308" 4% fixed

ciosure = + 0%’

/’; P R
, 30026307 L
7 é i
/ é‘”’
IS
s 1S

FICURE 8-5 Deflection-angle traverse that cioses on point of origin [adjusted angles are shown)
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TABLE 8-6¢ Adustment of Defiect
Aciustes
Station Deflection Angie Cerrection Deflection Angis
L 307267007 L - 30" 337283070
68" 02 30" ¢ + 20 6€° 0% 00" L
18° 327007 L 30" 1187327207 L
¢ 57°28°0C"R -3 57727 30R
£ 109" 15° 30" L + 307 1097 167007 L
] 1TTEY OO R -3 TTEV IR
I3 110700 307 L - 30" 11G° 0100 L

Z nght

Z lef:

I 43E° 16 307
358" 56" 307

kit
o SV

difference
ciosure

I right 7
Z ieft

(8]

Ti9 o
= e
425719700

360" 50 G0” check
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formed by the shortest lines of sight. The tabulation: of Table 8-4 shows this adjust-
ment of deflection angles.
Bearings of the sides of the traverse are computed by first converting the
bearing of OF 10 an azimuth, then applying the adjusted deflection angles to obtain
azimuths, and finally converting the azimuths ¢c bearings as shown in Table 8.5,
The angular closure of a deflection-angle traverse should be no more than the
least count of the vernier of the instrument times the square root of the number of
angles in the traverse. A deflection angle should never be measured without double

TABLE 85 Computation of Azimuths and Bearings
Using Adjusted Deflection Angles

Line Azimuth Beanng
oP 20%° 58 60~ N 66" 02 00" W
- £LP-109" 16 00"
PO 1847 42 007 S LTLT Ol W
{+ £Oj + 17°51" 30"
OR 202722 507 S Z2T3E 30 W
- LR -110° 01 00”
R 927 52’30 S E7°ZT 30" £
- Lij- 30" 26’ 30"
LW 627 & CC” NE€2°08°00" E
LA 422706 007
- LM~ 8&" (200"
ik 356° 03 007 NO3TETTO0" W
- LN} =119 330 207
WG 2387 30307 S 587307307 W
- L0+ 57727 307
OF 283°5E8° 00" check N 667 C270C" W
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8-6

centering the instrument, because the error caused by the hne of sight not being
normal to the horizontal axis of the instrument may be {00 large to be tolerated.

Angle-to-the-Right Traverse

Either an open traverse or a closed traverse can be executed by measuring angles
o the right. The method of measuring the angles is described in Section 6-3. The
method of computing azimuths from 2 given fixed azimuth is similar to that
employed in an interior-angle traverse. A forward azimuth is always obtained by
adding the angle to the right to the azimuth of the backsight. Angles to the right
are always employed when a traverse is executed with a direction instrument.

Figure 8-6 is an llustration of an angle-to-the-right traverse executed by use
of a direction instrument. Station P is occupied, 2 backsight is taken on station 7]
and the circie is read. A foresight is taken on station ¢, and the circle is read. This
procedure is repeated at each station along the traverse, each backsight and fore-
sight being observed with the telescope both direct and reversed. Notes for 2 107
direction instrument are given in Table 8-6.

Assume that the azimuth of PT is known to be 88" 20" 10”. The azimuth of the
line PQ is the azimuth of PT plus the angle to the right at £ The angle to the right
at P from 7 to @ can be obtained by subtracting the mean circle reading to T from
the mean circle reading to Q. This angle, as computed from notes, is 92° 16" 60”
- 51" 54’ 50" = 40° 21" 10”. Then the azimuth of PQ is 88" 20" 10” + 40° 21" 10
= 128° 41’ 20”. This computation can be simplified if the mean circle reading tc ¢
is added to the azimuth of P7, and then the mean circle reading to 7 is subtracied
from the sum. In this manner the circle reading for the foresight is always added

and the circle reading for the backsight is always subtracted.

Azimuth =88° 20° 107 —— = 338° 26" 35" _
[y
35°50° 157
. A

” -3
& ﬂ&&

M o
) 320°15 60" \Q} Ve

40 281° 367 3p —=

Angular ciosure = + 1§

FIGURE 8- Angles-to-the-right from direction instrument readings
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TABLE 8-6 Notes for Measuring Angles to the Right
When Using 2 Direction Instrument

Stat:on Dork Reading Mean
ArF T D 517 B4 507 1Y 547 507
R 2310 547 BO”
z o g2t 18 507 §2" g 00"
R 277 e
a0 F o 1957 427 10 1887 427187
R 18° 420 207
F D 263 45 207 2637 45 307
R BE" 4T 407
AtR D 26 18 107 28 1515”7
R 208" 18 207
g o 2817 1€ 307 2817 g 307
R 101 18 307
ALS E o 3207 1€ 00" 320° 167 007
R 1407 168 00~
7 ! 1017 007 107 1017 007 207
R 281 oC B
AT S D 3020 3¢ 107 3027 3¢ 207
R 122° 26" 307
F D 338" 26’ 30" 338" 26 35~
B 158" 2€" 407

The computation is shown in Table 8-7 as it would be made without the aid of
2 calculating machine designed for adding and subtracting angies on the sexagesi-
mal system. If such a calculating machine is used, only the forward azimuth of
each line of the traverse need be recorded on the computation sheet. The resuli-
ing azimuths are then adjusted to the fixed azimuth, and bearings may be obtained

Fromn the adiusted azimuths.

Traverse-by-Azimuth Method

In running a traverse for the purpose of establishing a lower order of control for
mapping and for locating the positions of ground objects with respect to such a
supplementiary traverse, the transit or theodolite can be handled so that the clock-
wise circle reading at alf times indicates the azimuth of the line of sight. This pro-
cedure eliminates the need for computing azimuths from interior angies,
cdefiection angles, or angles to the right. ]

Figure 8-7 shows 2 portion of a supplementary traverse in which the line DE
has an azimuth of 86" 22°. This may be & true, magnetic, assumed, or grid azimuth.
The instrument is set up at station £, and the ciockwise circle is set to read the
azimuth of the line E£D, which is 278" 22°. A lower motion is used to take a back-
sight along the line ED The theodolite and the horizontal circle are now oriented.
In other words, when any sight is taken by an upper motion, the clockwise circle
reading will always indicate the azimuth of the line of sight. If a2 pointing is made
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TABLE &7 Computations ¢f Azimutns
Using Angie-to-the Rignt Notes

Adjusted
Line Azimuth Correction Azimuth
o7 88° 207 10~ fixed
+ 827 1€ 007
180" 36" 107

51" 547 507

N
00k ~
s

.'\
¢
ole
X

t

O
Ay
+
(S
O
[EN
s
TN Al &
" '(:TJJ (X
T R Q

NENS]

N

or 376°

OFr te’ L8 297

BN R )

2
]
[57]
2
(93]

~
N

RO 196" 443
+281° 16' 3
478 01 05
- 26" 15’ 15"
RS 751 45 507
RS 1" 45 507 -9 91" 45" 41"
1" 45" 507
1* 00 20
T 46 107
~320° 16 00"
5330 107 -12" 52729 58"
s 232" 307 10"
+338" 26 35"
570 56 45

-3202° 3¢ 207 ‘
Te 268" 207 257 -15” 268" 207

= 88° 207 25~ fixed
88° 207 107
closure + 157

on station F and the clockwise circle reads 68 02/, this is the azimuth of the kne

EF and is recorded as such.
When the transit is set up at F the circle is oriented by setting the azimuth of

FE, which is 248° 02, on the clockwise circle and backsighiing along the line FE by
a lower motion. A sight taken on point /7 by an upper motion will give the azimuth
of the line FP directly on the clockwise circle. The readings to B @, and & are
shown to be, respectively, 57° 25°, 182" B2, and 113" 10,

The advantages of executing a traverse by cbserving azimuths are that the
transii or theodolite is allowed to do the work of adding and subtracting angles,
and that the field notes are easily reduced to map form by having all lines related

to the same meridian directly in the notes.
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FIGURE &-7 Troverse by azimuth method,

The disadvantage of such & procedure is in not realizing the benefit of double
centering, which eliminates instrumental errcrs and which makes mistakes in
reading the circle guite obvious. The purpose of the traverse, however, is usually
such that small errors are of little consequence {see Section 14-8).

if a traverse is to be run on magnetic azimuths and the directions of the lines
are 10 be consistent with one ancther, the initial setup determines the specific
magnetic meridian to which all other iines are referred. To orient on the magnetic
meridian, set the clockwise circle to read zero, unclamp the compass needle,
loosen the lower clamp, and rotate the fransit until the compass needle points to
the north point of the compass circie. Tighten the lower clamp, and make an exact
setting by using the tangent screw. The transit is then oriented for measuring mag-
netic azimuths, The procedure for carrying azimuths through the remaining lines
in the traverse is the same as that previously described.

Azimuth Traverse

An azimuth traverse is a continuous series of lines of sight related to one another
by measured angles only. The disiances between the instrizment stations are not
measured. An azimuth traverse serves one of two purposes. The frst purpose is to
permit the determination of directions far removed from a bey T

without the necessily of measuring distances. As an example, consider 2 pair of
intervisible stations, such as Ridge 1 and Ridge 2 in Fig. 8-8, gituated high on a
ridge, and assume that the azimuth of the line joining these siations is known. A
treverse is 1o be run in an adiacent valley, and the basis of azimuths of this traverse
is to be the same as that for the line ziong the ridge.

To carry the azimuth down into the valiey, one end of the known line, Ridge 1,
is occupied and the other end of the line, Ridge 2, is used as a2 backsight for mes-
suring an angle to the right, 2 deflection angle, or, if the traverse is o close by
occupying Ridge 2, an interior angle. All the other points are occupied by the
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FIGURE 8-8 Azimuth traverse,

instrument, and angies are measured. That portion of the survey from Ridge 1tc 4
and the portion from G to Ridge 2 are azimuth traverses. The lengths of the lines
from AB through FG are measured along with the angles. The angular closure can
he computed, and the traverse from 4 to G will be on the same basis of azimuths as
is the straight line from Ridge 1 to Ridge 2.

The second purpose of an azimuih traverse is £o avoid carrving azimuths
through extremely short traverse sides. Since the angular error will increase as the
lines of sight become shorter<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>