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

i



2

CHAPTER ¢

INTRODUCTION

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
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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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€ I elevaulsn 18 U.uzZs .

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 &
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