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ABSTRACT

The three dimensional surface movements of the retro-
gressive landslides at Beaver Creek were monitored from May, 1978
to August, 1979 using precise surveying techniques. A comprehensive,
parametric, least squares adjustment computer program was developed to
assist in the determination of the limit of accuracy, selection of
the most desirable configuration and field procedure given the
equipment available at the University of Saskatchewan, Saskatoon,
Saskatchewan, The computer program was also used in the subsequent
analysis of the field results, éalculation of statistical accuracies
and checking the reliability of the data.

The study indicated that the rate of horizontal surface
movement of the landslides increased from the scarp to the toe, with
as much as 100 mm of surface movement occurriﬁg from May, 1978 to
August, 1979, This observed movement agrees with the current retro-
gressive slide model. ;%ertical surface movement was as much as 30 mm
downward in the same time period. Siide blocks near the scarp exhibited
predominantly rotationél movement whereas slide blocks near the toe
exhibited predominantly translational movement. This observed behavior
also agreed with the current retrogressive slide model. A seasonal
trend in the rates of movement was also apparent suggesting a
correlation between slide movement and environmental effects such as

freeze-thaw, rainfall or river level.
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-Surveying accuracies expressed in the form of 95 percent
error eliiptical cylinders were in the order of 7 mm horizontally
and 2 mm vertically at distances of 150 metres. This accuracy was
more thén adequate considering the relatively large amount of slide
movement. The techniques and procedures set forth in this study
should be -used as guidelines when employing surveying techniques in

future geotechnical field investigatioms.
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CHAPTER I

INTRODUCTION

-

1.1 The Study of Retrogressive Landslides

Retrogressive landslides have played a destructive role in
the construction and performance of civil engineering works for
centuries. In recent years significant advances have been made in
understanding the mechanisms of . the retrogressive landslides occurring
at the confluence of Beaver Creek with the South Saskatchewan River
(Haug, 1976). However many uncertainties still remain.-

Haug (1976) states: "In order for this type (i.e.,
retrogressive) of failure to occur, it must be assumed that the rate
of lateral movement increases toward the river." It is necessary to
verify this assumption in order to enhance confidence in present and
future slope stability analyses of the landslides at Beaver Creek.

Terzaghi (1950? stated that "if a landslide comes as a
surprise to the eyewitnesg, it would be more accurate to say the
observers failed to detect the phenomena which preceded the slide."
The implication is that the smallest movements possible should be
measured at the earliest possible time.

The availability of a wide range of precise survey equipment
at the University of Saskatchewan set the stage for the systematic
monitoring of the three dimensional surface movements of the retro-

gressive landslides at Beaver Creek.




1.2 Ground Surveys

Ground surveys are necessary to establish a frame of reference
against which movements of the ground surface can be compared. Dearinger
(1974), in outlining survey procedures for measuring the magnitude and
direction of terrain movements, states: ''the standard error propagated
in the measurement and computation processés must be less than the smallest
significant ﬁovement."

Since a technically sound analysis can be derived only from:
technically sound data, it is necessary to employ statistical-geodetic
techniques to determine the standard error propagated in the measurement
process. Once the standard error is known, the accuracy and reliability
of the results can be determined. This establishes the need for a

computer program to perform statistical survey adjustments for complex

survey networks.

1.3 Location

" The study area is located near the confluence of Beaver Creek
with the South Saskatcheﬁan River, 30 kilometers south of Saskatoon
(Figure 1.1), extending north from the mouth of Beaver Creek for 1/2 km
along the east bank of the river. The legal description of the area is
the North-west Quarter of Section 16, Township 35, Range 6, West of the
Third Meridian. The National Topographic System’map designation is

72 0/15 g and the 1000 meter grid reference is 820-605.
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1.4 Object

(1)

(ii)

(1i1)

The principal objectives of this thesis were:
to establish a survey network to monitor the three dimensional
surface movements of the retrogressive. landslides at Beaver
Creek as ﬁccurately as possible with the available equipment,
to develop a computer program to perform statistical survey
adjustments and thus determine the accuracy and reliability
of the results,

to determine the rates of the surface movements and compare

- them with the current retrogressive slide model.




CHAPTER 11

LITERATURE REVIEW

2.1 Introduction

A review of the literature was carried out to determine
the state-of-the-art with respect to precise surveying as an aid in
measuring surface ground movements. The findings show
that the work which has been performed to date has lacked a sound
basis with respect to determination of the reliability of the
results and statistical prediction of accuracies. The literature
review was concentrated in two specific areas: 1) the use of
precise survey techniques for the detection of movement and 2) the

analysis of the surface movements. of retrogressive landslides.

2.2 Literature Search

Richardson (1§64) discussed the development of a precise
survey network to monitor the structural deformations of the Glen
Canyon concrete arch dam. The author stated that a systemat;c program
is essential, in which each of the several factors can be sep;rated
from the total and an evaluation made of the part contributed by
each to the totazl. Measurements must be made f;om the beginning
with as high a degree of accuracy as possible so that their
reliability is unquestionnable.

The author discussed the establishment of a horizontal

coordinate system over the whole study area. The network consisted

of a set of stable reference piers around the perimeter of the study




area and permanently mounted targets inside the study area. The
coordinates of the reference pierswere established by precise hori-
zontal angle and distance measurements from a known baseline. The
coordinates of the targetswere established by angle measurements made
from the reference piers. If the target points in the study area
inaccessible, a remote measuring system such as this is imperative.

The reference piers employed permanently mounted brass base'
plates with forced centering instrument mounts. These base plates
enabled any instrument to be mounted over the exact same point without
any need for centering. This process minimizes the source of error
due to setup.

Richardson (1968) discussed the usefulness of precise survey
techniques in the monitoring of the Glen Canyon arch dam. It was
concluded that surveying methods offefed a2 "convenient and reascnably
accurate means' of determining the structural deformationm.

The author indicated that a least squares survey adjustment
was performed but that "low orders of magnitude of deformation
(i.e., 0.1 inch) may be ;n indication that measurable deformation is
beyond the limits of the specific measurements.'" No comment was made
on the statistical accuracies attained and the degree of confﬁdence in
the results.

The monumentation used in the study (&escribed by Richardson
(1964)) had performed extremely well. The author states that the
procedures and monumentation used at the Glen Canyon arch dam were
being used at other dam locations with a great deal of success.

Wilson (1970) discussed the usefulness of observational data

on ground movements related to slope instability, Several case
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histories are briefly mentioned in which optical survey techniques
were used to reinforce the measurements taken by slepe indicators.
The general concensus was that survey techniques were applicable and
useful in areas of large deformations. Much more study is needed to
establish the usefulness of survey techniques in slides of low

- deformation (e.g., 2 to 3 cm per year).

Wilson (1970) states: "Onc; a failure has occurred it
is always possible to make a stability analysis and arrive at a
balance between the driving forces and resistance of the clay, such
that the failure can be explained. It is one thing to do this yet
quite another to predict in advance the performance of such an
excavation or embankment. It is only by studying the progressive
movement of landslides that we can understand their mechanism and thus
hopefully arrive at improved methods of stability analyses."

Gould and Dunnicliff (1971) discussed the accuracy of field
deformation measurements. The authors define accuracy as "the
closeness of approach of a measurement to the true value of the quantity
mea§ured, i.e., degree:of correctness."” Verification of accuracy can
be achieved in one of two ways: (i) acquisition of data by at least
two independent measuring systems and (ii)} use of instrument; which
can be removed at any time in order to check if they are operating
properly. -

The authors emphasize the need to establish the accuracy
attained during the measuring process. The sensitivity of a device
or technique must be appropriate to the needs of a particular field

problem. It may be more significant to determine the increment of

movement over a short time interval rather than the absolute position

R T



of a point at one given time.

Penman and Charles (1972) discussed the use of optical
survey techniques to measure the movement points on the surface of an
embankment dam. The authors emphasized the use of stable reference
piers fitted with for;ed centering-baseplates for horizontal control.
The study utilized a Tellurometer MA-100, a Xern DKM-2ZA one second
theodilte and a Wild N3 precise level.

.The movements were calcu;ated by three independent methods:

3 dimensional trilateration, 2. dimensional trilateration and

3 dimensional triangulation. The three methods achieved differences
in calculated coordinates of the séme,point of 5 mm horizomtally and
10 mm vertically when cémpal;ed. No discussion is presented with
-respect to the degree of confidence im the data or the statistical
prediction of accuracies.

Uotila (1973) emphasizes the use of statistical techniques
in surveying. The author clearly states: ''when surveyorslare called
upon. to be expert witnesses in court, they must be able to attest as
to the integrity of their results. Statistics and least squares
adjustmentS'give data that can be used to convey informatiog to a third
party in a.professiqhal manner."

Chrzanowski (1974) strongly suggests the use of a statistical
analysis for a,éurveying network to lend credibility to those results.
The author states that'errofs~in surveying always arise and "these
errors should always be determined unless the surveyor is not interested
in. the accuracy of his work."

It is also emphasized that "the information supplied by the
surveyor is practically useless because any measurements and results
of calculations in surveyiﬁg projects are meaningless if they are not

- -
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accompanied by a good estimation of their accuracy."

Durr (1974) discussed the case history of an embankment
saved by instrumentation. Conventional survey techniques were used
in conjunction with slope indicators to monitor the movements of the
embankment and thus aid in its redesign. The amount of ground movement
was large (e.g., 1 m} and thus an evaluation of errors and accuracy
attained was deemed unnecessary. The network consisted of ''survey
lines" across the embankment.

Reynolds and Dearinger (1974) discussed the measurement of
building movement by precise survey. The authors claimed 'an accuracy
of +0.3 mm to +0.5 mm'" was obtained. The results were analyzed
using aleast square adjustment and the most probable locations of the
targets were established using "error triangles."

The plots of movement of the targets on the building show
an unreasonable scatter in the results, far above the stated accuracy
of £#0.5 mm. No attempt was made at calculating the statistical
accuracies, the degree of confidence in the results, or determining
whether the movement meésured was realistic.

Tice and Sams (1974) discussed their experiences with landslide
instrumentation in the southeastefn United States. It was coﬁcluded
that surveying grids are an effective means of defining slide limits
and patterns of movement, measuring grbwth of the area involved in
movement, determining areas of bulge and subsidence, and providing a
base grid for mapping of scarps, ground cracks and seeps. Survey
techniques are best suited to slow, creep movements; rapid failures
that stabilize after initial movement are not subjects for survey grid

measurement.




The authors state that for maiimum effectiveness the grid
should be esfablished so that surface movements can be measured in
two directions and so that elevation data can be obtained. Elevation
data are not always amenable to‘interpretation,-pafticularly_at a
given grid point, but z pattern can sometimes be deduced from all the
data considered together.

| The preferred method of presenting the results of survey
grid monitoring depends on having grid movements measured in two
directions so that a vector representing the resultant movement of the
- grid point can-be drawn to scale.. -Instrumentation to monitor surface
and Subsurfaﬁe movement is a necessity for any landslide invéstigation.

McKenna and Roy (1975) used survey techniques as a part of
the total instrumentation te monitor the movement of a highway embank-
ment built of soft ground. The external survey instrumentation
consisted of "pegs controlled by survey lines 30 m offset from the
embankments.”™ At each reading, the 30 m offset was checked and a
theodolite was used to determine the lateral movements of the pegs.
Levels were also taken. The authors conclude 'the measurements were
not sufficiently accurate to allow the ground movements to be
measured.” No discussion is made concerning the magnitudes of the
movements or-errur5‘in~the~sur§eying.

Thomson ;nd Hayley (1975) used survey techniques to monitor
the surface movements of the Little Smoky landslide. The process
consisted of accurately locating a series of control points consisting
of steel rods, 3 metres long, driven at intervals from the river to
beyond the scarp.

The results indicated that the entire area from the scarp to

-~

the river was moving. Horizomtal displacements were stated to be
‘i-r-‘—-wh 0
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larger than the survey error. The results also indicated that the
amount of movement of the ground surface increases from a minimum at
the scarp to a maximum near the river.

There is no mention of the type of equipment used to perform
the surveying. The authors have not discussed the reliability of the
results nor the amount and sources of survey error. However, the
results seem to indicate that there probably are differing rates of

!
movement in the slide. The authors state that the assumption of differing
rates of movement is essential in the analysis of a retrogressive land-
slide.

Haug (1976) investigated the landslides at Beaver Creek,
south of Saskatoon, Sask., and determined they were best described
as retrogressive in behavior. His detailed analysis of the landslides
led to the statement: '"Acceptance of retrogressive failure mechanisms
requires that more work be carried out to pinpoint the dimensions and
rate of movement of the process involved."

Haug (1976) determined the assumption that rate of movement
increases toward the ri#er was essential for the simulation of a
retrogressive landslide. The author recommends 'the installation of
precise surface surveys and monumentation! to determine whethér the
assumption is valid."

Chrzanowski and Steeves (1977) discussed the accuracy
requirements of horizontal control networks. The authors recommend
the use of a parametric least squares adjustment method and expression
of accuracies in terms of 95% error ellipses. The error ellipse is
merely a statistical representation of the maximum and minimum standard

deviations of the coordinates at a station. Ninety-five per cent error

pe] }
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ellipses in the order of 10 mm can be obtained using a Wild T-2
1 second theodolite and a laser AGA-76 Electronic Distance meter with
a stated accuracy of +5 mm for distances up to 5 km.

Sowers and Royster (1978) discussed the field investigation
of landslides and landslide prone areas. They determined that ground
surveys are necessary to (a).establish the ground control for photo-
grammetric mapping and instrumentation, (b) obtain topographic details
where ground surface is obscured by vegetation and (c¢) establish a fféme
of reference against which movements of the ground surface can be
compared.

The first requirement is a2 system of local pench marks that
will temain stable during the course of the investigationjand as far
into the future as movements will be observed. The bench marks
.should be tied tegether by triangulation and precise leveling loops.
The continuing movement of & landslide can be measured by a system of
traverses or grids across the landslide area. The authors also
émphasize that the mathematical analysis of a landslide is based on
the field investigation; and obviocusly can be no more accurate than
the data obtained from the field ;ork.

Wilson and Mikkelson (1978) discussed field instrumentation
of landslides. Adequate planning is required before a specific land-
slide is instrumented. ‘The steps are: (a) determirewhat types of
measurements are required, (b) select the specific types of instruments
best suited to make the required measureﬁents, (¢) plan the location,
number, and depth of instrumentation and (d) develop the recording

techniques.
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Landslides, by definition, involve movement, and the
magnitude, rate, and distributidn of this movement is generally the
most important measurement required, . Vertical and horizontal measure-
ments of movement‘of_the ground surface at various locations within
the slide area should be obtained. When direct measurements are not
possible, a Temote monitoring technique such as triangulation should
be used. Triangulation requires precise measurement of base distances
and angles from good reference monuments. Therauthors state that
accuracies from #0.6 mm to *12 mm are attainable with precise
triangulation and *0.6.mm to £12 mm with precise leveling.

In the mommentation of’a'landslide it is imperative to
establish, beyond a reasonable doubt,. the magnitude of the movements
taking place. Only then can a definite cbservation be made and a
reasonable analysis performed. The retrogressive slides at Beaver

Creek are ideal for this type of investigation..




CHAPTER III

THEORY QOF STATISTICAL-GEODETIC ANALYSIS

3.1 Introduction

The remote observation and systematic monitoring of spatial
deformations.by géodetic methods iﬁvolves the measurement of horizontal
and vertical theodolite angles and of distances to a series of light
reflecting targets. These mixed angle and range observatioﬁs are
.usually processed -on a computer by well established statistical-
geodetic methods (Chrzanowski, 1974). This provides not only the most
ﬁrobable absolute and instantaneous three dimensional positions of
the target points, but also an estimate of the accuracy of their
determination, which is essential for the correct interpretation of

the results.
3.2 Errors

It is impossible to obtain a result which is absolutely .
correct. The: measurement of’any-quantity'can only be made to a certain
degree of"accuiacy, which- is governed by the instruménts used, the
external conditions and the individual who makes the observation. Hence,
it foliows that no matter how gaood the instruments may be and how
careful the observer, there will always be present small discrepancies
between repeated observations of the same quantity.

It is necessary first to consider in a general way the various
kinds of error"which.cécur in practice; they may be roughly divided into

four categories (Hirvonen, 1971):




{1) blunders

{2) . constant errors

{3) systematic errors

(4) accidental or random errors.

Blunders or mistakes are a definite misreading of wﬂatever
sca}e is being used. All observing procedures are designed to show up
this form of mistake by a sufficient number of repetitions, in which
the conditions such as the initial reading are changed for each
repetition.

Blunders can also be checked for byfproviding.extra degrees
of freedom. In the case of’calculating'x-f coordinates for the apex of
a triangle from two interior angles and a known baseline, a unique
answer results. It is possible, however, that one of the angles was
consistently misread. This yieids a wrong answer for the coordinates,
but'thére is no way to check it. In this case there are zero degrees
of freedom, i.e., no redundant information. If an additional quantity
such as the third angle or a side was measured, two unique answers. for
the coordinates can be calculated. In this case there is one degree
of freedom. Degrees of freedom are calculated by subtracting the
unknowns (e.g.,X-Y coordinatés) from the knowns (e.g., angle and side
measurements). If the two answers did not agree, then a2 blunder
exists in one of the measurements.

Constant'errors are those which do not vary throughout the
particular work concerned. These errors are always of the same sign.
If a tape is not standardized, and is used for measuring a distance, it
introduces a constant error (i.e., assuming no alternation in tape

length during the survey). Constant errors are usually associated with
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EDM equipment. Reflector constants, zero constants and instrument
constants must be evaluated on a known baseline prior to use in the
field.

Systematic errors are those which follow some fixed law
(i.e., possibly unknown) dependent on the local circuﬁstances. If a
temperature correction is'ﬂeglected in traverse work a systematic error
is introduced. Most EDM equipment requiresthat a temperature correctiqn
be applied to the measured distance. These corrections should be
made in the field to avoid their omission. Since some systematic
errors are impossible to detect, it is advisable to use the same
procedures in setting up, etc., to duplicate the field -conditions of
the last measurement. Using this procedure the successive measurements
are relative to the same . set of conditions because the systematic
" errors will remain approximately constant.

Accidental or random errors are the remaining small errors
after all the others just mentioned have been eliminated. They are due
to imperfections of the instruments, the failibility of the observer,
the changing conditions, set up error, pointing error, etc., all of
which affect the quality of the observation. It has been hypothesized
that random errors are usually small, can be either positive of nega-

tive and follow a normal distribution (Rainsford, 1957).

-

3.3 Least Square Adjustments

The question most often surrounding survey adjustments is
what is to be adjusted? The short answer is that an adjustment of
errors is required.

The least squares theory is based upon the theoretical normal

distribution of random errors, and is the best presently known method
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of determining the most probable value. In general, the object of
least squares is:
(1) to-prbduce unique values for the unkﬁown,
(2) which will be of maximum probability and,
‘(3) to indicate the precision with which the unknowns have been
determined.
To illustrate, let us consider the example discussed earlier.
The X-Y coordinates of the apex in a triangle are to be determined
knowing the base line distance, two interior angles and one side. There
is one degree of freedom, hence, two unique answers can be calculated.‘
using various combinations oflangle and side relétionships. Using a.
leést'square adjustment, only one unique answer results and it is the

most probable answer.

3.3.1 Application of Least Squares Theory

For n observed values x, the mean x can be defined as,

x = (xl FXy el ¥ xn)/n

The residual v can then be defined as:

=

L SX - (1)

On the assumption that the mean is the best value for a set of observa-
tions, it éan then be shown that: |

[vv] = minimum (2)
rThe-squaré‘brackéts denote summation, and equation (2) is called the
Gaussian condition of least squares: the sum of the squares of the
residuals will be a minimum on the assumption that the mean is the best
value.

Recalling (1) and expanding,

1)

V. = X = X.
i i
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TV, SX-X
V2=X-X2
v o=X-x | (3)

_Equations (3) are called observation equations., The residuals,
Vi, aTe expressed as functions of the measurements themselves, Xs» and
the mean x. The condition of least squares is applied by differentiating
with respect to tyé mean and setting the result equal to zero.

.'._L_]_d_‘iv‘= ;—xli';—x
dx

+ ... X - X
2 - n

= n;-xl -'-XZ-.“»XII:AO- (4)
Equation (4) is knowg a§ a normal equation. For a complex series of
measurements. (i.e.,a triangulation.- trilateration network), the observa-
tion equations must be formed, and the normal equations then developed by
differentiation of [vv] with respect to each paramefer on the right hand
side of the observation equafiong and setting equal to zero. These are
solved simultanecusly in order to arrive at the best set of parameters

that. will make [vv] a minimum. However, certain systematic procedures

tend to simplify- the operations, as will be shown later.

3.3.2. Direct and Indirect Observations

Tﬁe least squares condition can be applied to a set of measure-
ments by two different methods. The first method is called the method of
direct observations (i.e.,method of conditions or correlates). This
method takes advantage of a priori conditions which must be imposed on

the residuals. Such an a priori condition is the prior knowledge that
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the sum of three angles in a plane triangle must be 180 degrees, The
second method is the method of indireét observations., This might be a
case in which the coordinates of. . a point are not measured directly,
but are functions of gbserved angles and distances.

| In generai, the method of condition eqﬁations is best used
for adjustments of simple networks, i.e., quadrilaterals. For more
complicated networks, this method becomes extremely complex and difficult
to use, and is not easily applicable to a computer program. As a result,
a more convenient method which is based on the method of indirect
observgtiqns ﬁill.be used. This method is called variation of

coordinates or variation of parameters,

3.4 Formulation of QObservation Equations

3.4.1 Variation of Coordinates for X-Y Coordinate Systems

In the adjustment of a triangulation (or trilateration) network
by observation eqﬁations, a set of approximate X and Y coordinates is
first computed for each new station. These approximate coordinates are
then allowed to vary by small amounts, AX and AY, in such a way that the
computed values;of the AX's and AY's make the weighted sum of the squares
of the correctionms.to the measurements a minimum. (The concept of
weighting will bé-di;cussed.later).A

Each measured angle in a triangulation net involves three
- points in the-net. These are the 'at' station designated A, the 'from'
station designated F, énd the 'to" station designated T (see Fiéure 3.1).
The form of the observation equation that expresses the correction 'v"
to a measured angle as a function of the variations AX and AY of the

triangulation stations can be developed in a number of different ways.
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The development presented here is trignometric in nature, (Moffitt
and Bouchard, 1975).

The angle ZFAT in Figure 3.1 is equal to the azimuth of the
line AT minus the azimuth of the line AF.

Stated as an observation equation,

where:
Z_FAT is the measured angle at A from F to T. (clockwise)

Vo T correction to the angle at A. (residual)

U ap adjusted azimuth of AF.

o adjusted azimuth of AT.

AT
"The adjusted azimuths are obtained by applying corrections
AxAF and AuAT to preliminary azimuths obtained from the approximate

coordinates of the stations.

O, = O, + AC (6)

and (5) can be written,

) 7 ) ¥ - T _
vy = AaAT" Bapp * [aAT Cp /_FAT]
i : (7)
where-
S L . - .
K, = [aATL %\ g L FAT] = (calculated) - (observed)(7.1)

Expressions for Aa,. and Aoy can be developed geometrically

AT
from Figure 3.2 and Figure 3.3.
From Figure 3.2, fhe small distance Ca between the preliminary

line A'F" and the final lineAF is expressed as:
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] -1
Py = AYA sin @, - AXA oS o, p (8)

and the small distance pF‘at‘;he other end of the line is
. T ' ot
‘pp = &Yp sin a,. - AX; cos a,p (9}
If the line AF is imagined to be moved parallel with itself to

make A coincide with A', the resuits ére_shown in Figure 3.3. Thus the

small angle Ae, o can be expressed as:

Ry, — P

Py g

Adpp = AF arc IV (103
Letting

P = —2— = 206264.8 seconds/radian

arc 1
b,y = — (9, - §2) L

AF = AF Pa T P :

Substituting equations (8) and (9) into (11),

\ 1t ¥
-P cos- o P sin a, .’
" AF AF
bepp = —&F ARy * —&F AYy
T 1
P cos o P sin «
AF . AF ‘
M R S R 12)

By the same geometrical analysis an expression for fa,n can be

developed in terms of the variation of the coordinates of A and T, giving

T 1

-P cos o P sin o
"w AT A"I‘
bopp =37 M TR AT,
L] . |
Pcosa P sin a

AT AT
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The observation equation for angle FAT is obtained in its

final form by substituting the value of Aa,. from equation (12) and

AF
AuAT from equation (13) into equation (7), giving

Y - P cos GAF . - P sin G;F o P cos u;F i
A AF A AF A AF F
: : '
L ot L
- ' ! . !
L Lt T,
(14)

By applying-the Same principles; an observation equation can

be found for distance measurements:

] L
vA = - 5in aAT AXA - COS aAT AYA + SIHHAT AXT

+ cos ayq AYT + KA {15)

Each independent measured angle or side will introduce an
observation equation of the form given by equations (14) and:(ls). These
are then reduced by special methods in order to make the weighted sum of
squares of the residuals a minimum. It should be noted that if a station

is fixed (i.e., errorless), the respective AX's and AY's will be zero.
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3.4.2 Level Networks - Z Codrdinate Systems

In the adjustment of a leveling network by observation
equations, a set of approximate Z coordinates is first computed for
each new station. These approximate coordinates are then allowed to
vary by small amounts, Az, in such a way that the computed values of
the Az's make the weighted sum of the squares of the corrections to
the measurements a minimum.

Each measured link in a level net involves two stations in
the net. These are the "from" station designated F, and the '"to" station
designated T, (see Figure 3.4). The form of the observation equation
that expresses the correction "v'" to a measured link as a function of
the variations, Az, of the stations can be developed using a trigno-

metric approach, (Moffitt and Bouchard, 1975). Stated as an observation

equation:
DEFT + VFT £ Adj. elev. T - Adj. elev. F {(16)
where
DEFT = observea difference in elevation from F to T.
VFT = correction to DEFT‘

The adjusted elevations are obtained by applying corrections,

Az, to the preliminary elevations. Thus:

-

Adj. elev. F = Preliminary elev. F + AZF

Adj. elev. T = Preliminary elev. T + AZT

Equation (16) can now be rewritten

VFT = (Prelim, elev, + AZT) -~ {Prelim. elev. F + AZF)

T

- DEFT
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or VFT = &ZT - AZF + KFT 17
where

KFT = Prelim. elev. T - Prelim. elev. F - DEFT (18)

Each independent measured link .will introduce an observation
equation of the form given by equation (17}. It should be noted that
if the elevation of a station is fixed (i.e., errorless), the respective

aZ will be zero.

3.5 Weights

The weight of a measurement can be thought of as fhe value or
worth of that measurement relative to any other-measurement. By
definition, the weight "p" is taken to be inversely proportional to the
variance,‘czi

p = K/a> (19)
where o is the standard deviation (or standard error) of the respective
measurement and K is any convenient constant. o can be 1) approximated,
(i.e., knowing that a theodolite reads with a 10 second accuracy) or 2)
actually calculated from a series of measurements by the well known

statistical formula:

j([i“.-xinz'
g = B ——————————

—T (20)

In an actual network, ¢ for angles is ekpressed in seconds and
¢ for sides im ppm (parts per million). To ensure compatability between
the two different units, a special relationship is required. Figure 3.5

shows the relationship between an angle and two adjacent sides. From

s = r9; let & equal 1 second eﬁpreSSed in radians.

e —

| T
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FIGURE 3.5 INCLUDED - ANGLE
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.- - 1"

. <= 6
s = Tle5x 60

o )
X 180) = 4.848 x 10 " r

Thus for an angle of 1 second, the arc s equals 4.848 ppm of r. It can

then be found that for angles, (McLellan, Petersdn.and Katinas, -1970):

P
a

]

-(K/a)z; ¢ in seconds ' (21)

and for sides

P

o = (4.848 X/a)%; o in ppm _ - (22)

For measurements in which ¢ is calculated from equation (2),
K equals 1. For measurements An which o is estimate&,-K-has to be deter-
mined by the surveyor. For example, if a network consists of 2 angleé,
one measured 2 times and the other measured 4 times (i.e. both with the
same instrument),. K would be 2 and 4 reépectively. If such a clear cut
relationship does not exist, K should be set equal to 1. In other words,
K is just a relative weighting factor.

The weights. for links in level networks can also be taken as:

PL =‘K/UL?
where: -
o = standard deviation of observed difference in elevation.
If'cL:éannot.be determined, an estimate such as:
PL_=-1/#“of'setups
or P, = 1/distance between stations ' (23)

L

can be used.
The weights for direction measurements are much more complex

and will be discussed later.




3.6 Matrix Methods

For a complex network, the large number of simultaneous
equations ,thaf have to be so_lved are best handled in a systematic manner
with n;atrice's. .

| The observation ‘equationé (14) .and (15) can be written in
matrix form as,

V=AX + K (24)

The least squal;es condition from equation (2) can also be
shown to . apply if the weighting system of section 3.5 is considered.
Thus,

[pvv] = minimm
or in matrix form

VTPV = minimm - (25)

By substituting for V from equation (24) into equatiom (25),

differentiating, and setting equal to zero,

X =-ATPK (ATPA)"T (26)

The values‘off X are the corrections AX and AY to the preliminary
coordinates,. the A matfix: is. the matrix of coefficients from the elements
of the: cbservation equations- (14), (15} and (17). There is one equation
for- each. independent measurement. The P matrix is a square diagonal
weight matrix, and K is a column matrix of the K values from equations
(14), (15) and (17).

For n observations and m unknowns, A will be of the order
nxm P will be of the order n x n, K is a coltmn matrix n x 1 and

Xis a colum matrixmx I.

\J-_—é—r-———
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3.7 Error Ellipses

At each station in the network we will have a standard
deviation in the X and Y direction after adjustment, (see Figure 3.6).
The standard errors can be said to describe a rectangle:

XA - UX < X < XA + Oy

YA - 9y <Y < YA + °Y

around this point. In this way we have a rough illustration about tﬁé
two dimensional dispersion of the possible locations for our point.

In a mathematical idealization, however, the rectangle is
teplaced by an ellipse to which the sides of the rectangle are tangents.
In fact, there are several possible ellipses inside such a rectangle,
each having different directions as main axes.

To find the error ellipse which is a maximum, the basics of
error propagation can be used.

Let x,f be a two dimensicnal stochastic variable and u=f(x,y)
a mathematical function representing a one dimensional variable:

U, = £(X_,Y,)
From the basic principle of error propagation we can write,

{Hirvonen, 1971):

5. = Cxgx* Syav ’ (27)
where
Su = errors of u
and € = errors of x and ¥y (i.e. ai=ii-§j
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Squaring equation (27) yields:
51112 (au 2 ZEX €y %;— 2
171 8y
du .2
.7, 77 (28)
Also by definitionm:
£ € € €
¢.” = lim lwé-il; gyz 15m 12X Y1
n-+= n-—-w

where
2 .
g~ = variance
[Exsyl
and oxy = lim =

n—+
where gxy = caovariance.
If equation (28)1is summed from i=1 to n, and substituting for

the variance and covariance:

2 _ 2 au 2 du, 2

ou au
u (ax + 20 e (29)

(ay) Xy 3x 3X

Equation (29) is referred to as the error propagation equatiom.
The next step is to perform an orthogonal transformation of
the parameters (i.e., rotation of coordinate axes). For a 2-D case we

have simply:

u=xcos t+ysint - (30)

[}

v=ycos t+xsint (31)
where t = the direction angle of the u-axis in the x-y system measured
from the x-axis.

Applying the error propagation equation (29) to the transforma-

tion equation (30), we can write

e




35.

c:z-rszcoszti-c'vz‘2 2 in 1
'y = Ox y sin t + crxyﬂntcost
recalling
sin2t = 2sint cost
cos2t = cost -~ sin“t
1 = cost + sinzt
2 C2 2
g, = d, cos 1:_+ cyz sinzt + ny sin2t
cx2= oy2
= = (1 + cos2t) + -5 (1 - cos2t) + ny sin2t
. 2 1 2 2 1 2 2 .
0, T3 (o, + cy) * 3 (o - Oy Jcos2t + Ty sin2t (32)

. 2 . . .
The maximum ¢ occurs when the first derivative equals zero. Thus,

u 1, 2 2 _ , )
—— = @y -0y )(2)(-sin2t) + 20,.cos2t = 0

2 2, .
. 2csxyc052t = (ox -ay }sinlt

20

. - sin2t _ Xy
tanlt = === G 7 2) (33)
X y
By definition
Zcxy
tan2t = %: - 3
(0, =0y )
2
T = jx +y = \/(ze - Gyz) + 4o‘xy
Therefore i
ZGX
sin2t = £ = Y (34)
T T
% ._[CB{Z Oy_ZJ
- = - 5
cos2t = = (35)
D "
— - 1
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Substituting (34) and (35) into (32) yields

1c
- 2.0 2 a2 20 20
0 = 1 (9,2, )+2fx-v>§x- £, Tl

and substituting for r

s} s
21, 2.2 1 (x2"yH2 4 892

o] = = (o, +0,”) +
u 2 Vx Yy Zj 2_ 2)2+40 2
(cx Uy Xy
. 2.1, 22 2 2.2 2
oGy = 3 (crx +0’Y +j(°x -cry) +4dxy p; (36)
and similarly
2 1 2
o =5 +cy-j(c - +4cxy ) (37)
where
q, = semi major axis . ’
q = semi minor axis
'~ t = orientation of major axis

Equations (331, {36) and {37) can be used to find the maximum
error ellipse relative Tl;o fixed points in the net. The error ellipse
re}atife to a fixed (i.e., errorless) point is called an absolute error
ellipse. Error ellipses between any two points in the net ar:e called
relative error ellipses because the standard deviations of both stations

-

are considered in the calculations.




In summary:

.fbr.absoiute error ellipses, relative to fixed points in

the net:

Tan 2t

max

g .
mit -

Tan 2t

max

o,
min
where

Taxax T %x.x.

1 ¥

“avay T %y.y.

J1

Taxay T %x.y.

37.

20
> 5 (33)
o, = 9y
1 2 2,2 2
51 + _/(Oy -a) xy) (36)
[o + c - J/(c - a + 402 ] (37)
. xy' .
and for relative error ellipses, between any two points in the net:
20
— (38)
AYAY AXAX
L [« +a + (o -~ a )2 + 40, ]
2 TAXAX. AYAY AYAY AXAX AXAY
l-[d* +a - (o ) )° + 4o 2 ]
2 “TAXAX AYAY AYAY T AXAX AXAY
- 20 ~aq
Xz XX,
- 20 + O
Yi¥y iy
- g - + g
Yy %Yy %Y

'y

(39)

(40}




The probability of a point falling within the error ellipse
is 39%. In order to obtain other probabilities, the major and minor
axes of the error ellipse have to be multiplied by the factor C

presented in Table 3.1, {Uotila, 1973).

Table 3.1: Probability Factors for Error Ellipses

Probability

25%
-39%
50%
75%
‘90%
95%
99%

HNNHE—~O
O R=OHON O
KNG o g

A sketch of the error ellipse is presented in Figure 3.7.

The "ideal" two dimensional error ellipse is a circle in which .

When the third dimension (i.e., Z-coordinate) is established
by leveling, the standard deviations of the adjusted elevations can be
combined with the two dimensional error ellipse to form an error
elliptical cylinder. This volume results because the Z-coordinate is
independent from the determination of the X and Y coordinates. If
the- X-Y-Z' coordinates are interdependent (e.g., elevation determined
by vertical angle measurement) the resultant velume would be an error
ellipsoid. This thesis will deal with the mathematics of the erfor
elliptical cylinder.

The specifications put forth by the Horizontal Control

Section are based on the 95% error ellipse. The two dimensional error
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ellipse for 95% probability is obtained by multiplying the major and
minor axes by 2.45 (see Tébie 3.1). To obtain the 95% probability
interval for the Z—coprdinates,.we mltiply o, by-l.96 (Aguilar, 1973j.
This results in an efror elliptical cylinder for 95%:probabi1ity as
shown in Figure 3.8. 7

Of intereét‘at this point is the resultant matrix (ATPA)‘1

from equation (26). This resultant matrix is known as the weight

coefficient matrix:

-, | -
Y. Y Sz Xare
2
- %1 1 qixz Yayz
(a'Pa)"t = ,
Uixz Yz %z Uazy2
2
%iyz Yz vz Y2 e
R . . ) ]

Hirvonen, 1971, has shown that the variance-covariance matrix can be
found by multiplying the weight coefficient matrix by the variance of

unit weight, aif
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2
“x1 91v: . Oxix2 Ix1Y2
2
s T %%i1v1 %yr . %yixz 9v1v2
o (A pa)~L = )
%x2x1 %xevi %2 Ox2y2
. 2 ’
1%2x1 %vavr Cvaxe %y2

2 _v'pv _ [PWV]
Q i n-u II-u

# of observations
# of unknowns

and n
u

[

hence n-u = degrees of freedom..

The standard error of unit weight,, go, is simply the standard error of
an obsex;vation that ha_.s a weight of unity (i.e., one).

‘The diagonal elements of  the matrix are the variances,cz,
of the coordinates after their adjustment, and the remaining elements
are covariances, which are a measure of the correlations between the
adjusted. coordinates. From the- elements of the variance - covariance
matrix, the error ellipse at a station can be found using equations
(33}, (36) and. (37). or (38), (39) and (40}.

By examining (ATE’A)-Ip it can be- seen that the error ellipse
depends om the A matrix and P matrix only. Thus approximate error
ellipses'for a sta.fioﬁ can be found by using approximate values for
coordinates. and reasonable estimates of the standard errors for the

measurements, (McLennan, Peterson and Katinas, 1970).

bt
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3.8 Centering Error

4

Centering error refers to the error arising when setting up
an instrument over a point. For example, Chrzanowski (1977), estimates
centering error for optical plummets as 0.5 mm/m. For example, if
the height of a plummet is 2;0 metres above a point, the centering
error is 1.0 mm.

In terms of surveying adjustments, the effect of centering !
error is to increase the standard deviation of an observed angle,
direction or side measurement.

The relationship between the actual standarq deviation and
the additional effect due to centering error can be derived from the

equation of error propagation:

Ju 2 2 Bu 2 2 _
= Gy * GO+ GO GP%, (29)
We can assume that all oxy = 0, since the centering errors at different
stations are independent.

For the angle:shown in Figure 3.9 we can write:

AY AF
where aAT = gzimuth of 1line AT
and Ay = azimuth of line AF
By definition:
. X. - X
-1 A
a4 =
AF tan (Y 5 )
A
and
1 Ko Xy
@, = tan "~ —_—
AT -
YT YA
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where X and Y are the horizontal cartesian coordinates of A, F and T.

Substituting:
- X X, - X
6= tenl LAl (BN (a1
T A F A
Applying the error propagation equation to equation (41) yields:
. 2 _ .08 36 .2 2 38 8 .2 2
. = (57— ) + (G 7¢ ( ) * (55) e
Gc BX XF BXA XA BXT T BYF YF
g .2 2 30 .2 2 42
r G oyl + g0y (42
A A T
where Ty = standard deviation due to centering error
C
Oy = standard deviation of centering error
F

We can assume that the centering error is the same in all directions at

each station:

LI 2's § = Jd =g
XF YF F

Oy =0T, =0

XT YT T

g, =d, =0
XA YA A

Using the chain rule for differentiatioen and various

trignometric identities, it can be shown that:

2., o 2 o 2 + 0 2 24 2
562 = ' . A A
c AFZ AT2 ATAF

cos B

Applying the basics of error propagation again, it can be found for

angles:




-

il

where g original standard deviation of angle

A

and ae

standard'deviation'of angle corrected for centering error.

Using the same rigorous approach for directions and sides it
can be found that: -

for directions

al-0%4+g? ' | (43)
a o D ‘
c
GF2+°A2
where- g = > = standard deviation due to centering error
o Cc AF . )

o, = original standard deviation of direction

¢ = standard deviation of direction corrected for
centering error
and for sides

9g. = %¢ T 9, BN YY)

=3
5
1]
qQ
1]
Q
1.
Q

AF £ A?’=--standard deviation due to centering error

o = original standard deviation of side

S - standard. deviation of side corrected for centering

eTror”

The effects of centering error affect only the weights, thus
the size of the error ellipses will increase. Stations with large
centering errors will therefore play a less important role in the

adjustment.
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3.9 Weight Matrix for Directions

If [R] is the matrix to transform directions to angles and
if [Sd] and [Sa] are respectively the apriori covariance matrices for -
a set of directions [D] and their corresponding angles [A], then
{al = [R][D]

and

T
[s,] = [RI[S,][R]

In terms of weights:

where P = X
S
a
[Pa] = K[Sa] >
<. [pa) = ([RI[P,1 MR

For a set of four directions at a station, [Pa] would be:

[R] [pa]”? [R1”
- —_ i}
-1 1 0 0O ?T- 0 0 0 -1 0 0
Pa = inverse of 0-1 1 0 0 ._%E 0 0 1-1 0
RIPaRT =, o 1l o o 1oof] o1
' 1
—0 0 0 5;; i 0 9- %_
B _ -1
ED+ G e 0
1 1 ., _L
S G 01 i 1V I e 2 2 63 53
©1 1 1.
0 63 66D
- (45)

ST
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where P1, P2, P3 and P4 are weights of the independent directionms.

[Pa] then is the weight matrix developed for the 3 angle equatioms.

3.10 Reliability of Results

Since the statistical acéuracy of the results depends only on
the geometry and standard deviations, it is independent of the actua;
measurements. Thus, some way of checking the reliability of the
re5u1t§ is required. This is accomplished by checking the magnitude
of the residuais after the adjustment calculations.

During the adjusStment, a unique set of coordinates is calculated
for each station in the network. Bésed én these unique coﬁrdinaﬁes,
calculated values can be obtained for all angles and sides in the
network. These calculated vaiues are the-values-the.angles and sides
have to take in‘crder*tO'yield the most'probéble coordinates. The
differences between the- calculated and the actual values are called
the residuals. The magnitude of the residuals is checked using the
well known tolerance test for 99 percent probability (Chrzanowski, 1976).
If the residual is less than three times the standard deviation of
the respective measurement, the measurement is reliable. If the
residual is greater, the respective observation is classed as unreliable
and. should be-dgletedlunless it can be determined why it is unreliable
and consequently corrected. The residuals are in essence a check on

how good the data fit the new adjusted coordinates.

3.11 Computer Program

A computer program to perform least squares survey adjustments

was developed by Chursinoff (1978). The program was called LSQADJ,

W
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(Least SQuares survey ADJustments) and was written in Fortran IV.
This original program was rewritten and greatly expanded as part of
this thesis.

The revised program, LSQADJ, can compute and analyse a least
squares survey adjustment on any type of horizontal or vertical survey
network, real or ficticious, given adequate datum (i.e., fixed position
and orientation) and enough observations to determine all points. The
configuration may be a simple traverse or an intricately connected -
network. Observed data may be lengths, directions, angles or differences
in elevation. Observationslare assumed to be reduced to a cartesian X-Y
coordinate System for horizontal networks or a Z-coordinate system for
leveling networks.

The observation equation method derived earlier is used in
LSQADJ. This method is also referred to as the variation of coordinates
or parametric method, hence the phrase: parametric least squares
adjustment. The user must provide fixed or preliminary coordinates for
allﬂpoints. The solution will péss several times, if necessary, to
obtain better prelimin;ry values for the final sclution. The criterion

lis that the solution cycles until all corrections to coordinates are
less than a preset value. The user controls both the preset:value and
the maximum number of passes.

LSQADJ is designed not only for adjustment and analyses of
actual networks, but also for testing the strength of proposed networks
by simulation. The user need only supply coordinates and ficticious

data appropriately weighted. Observation values can be omitted.

N
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LSQADJ allows for centering error corrections, relative
weighting factors, calculates-érror ellipses:at any desired station,
calculates the final residualsi-checks re1iabi1ity of the final results
and can print out any desired,matfix on request. A brief flow chart
of the-prugram is presented in Figure 3.10, A completé-listing of
the program will be published in the CD Transportation and Geotechnical
Group series at the University of Séskatchewan in early 1980.

' The feliability of the program has been checked against hand
calculated adjustments and various published adjustment calculations.
The program LSQADJ has been found to give nearly identical answers in .
all cases (see Appendix F)-».Aﬁy discrepancy is most probably due to
the fact that.LSQAﬁJ uses Fortran IV Double Precision (16 significant
figures) and a minimum of two passes in its solution. The majority
of’publiéhed adjustments. have used only one pass at solution and from
3 to ?'significant'figures in the calculations. This is especially
critical in the inversion of the ATPA matrix.

Obviously the test of a program's reliability can be made by
examining the final answers.. In all adjustments performed in this
repﬁrt and outside of it, ?he‘ author is convinced that the program

LSQADJ does: not have any apparent. or-significant malfunctions.



LYVHD

@3

ALlITsvIN3y
S$IvnaiIsS3d

MIIHD  ONV

AYNId  ONId

SNOILVA3T3 ANV SMNIT 40
SNOILVIAZG QJUVYONYLS ONI4

51.

: [ sNotLvA313  1339M0D |

Nd ¥ ivd V)~ 3LNdWOD

&

1 |

“ o[- xiwivw  wuod

1

> $1IN$3Y

1no .Fz_mn__

t

' $3SdIN73  HOMY3
Q3l1s3and3ay  ani 4

MOTd o' 3HN9Ld

ALITNGVYIT3Y  MNO3IHD ONV

8YNaIS3N  YNI4  aNId

$3A

- XYW

NYHL

¢ d30339X3 S3SSVd 40 HIBWAN  WNAI

MO NOIHILIND  JONIOMIANOD [
$537_ NOLLO3WNOD _ls3ouvd s) )

ivd \V1 3lndwod

}

[ S3LVNIQHOOD  103HH0) |

3d vV 14 V]~ ILAIWOD

- XINIYN _ WH0d

I

v~ Xidlvw N

mzo_._a:ou NOILYAYISBD Wuod

© M= XIMIYW
SNollvnbd  NotivAy3sdo Wuod

TV XIVA
shollvnb3  MoilvAdasdo Wuod

!

_ INIWLSNFOY

TN ELER

&

O

T

[WOIIVIAWIS TVINGZIUoH

>
:IA0RN

INIWISNTraY  1VLINOZINOH u

gor

| @- xiuavw

LHOI3M  WHOd|<—

s1lviad  s€or Al.
gNvida uoMlin _ @




CHAPTER IV

MEASUREMENT OF SPATIAt DEFORMATIONS BY GEODETIC METHODS

4.1 Introduction

The monumentatien of a retrogressive landslide uéing precise
survey techniques involves a combination of the-principles of
surveying and geotechnicél engineering. A proper approach to the
problem requires a tho;ough analysis of the fequirements of
instrumentation in'geqtéchnical engineering and aﬁ in depth under-
standing of state~of-the-art statisticaiwgeodetic techniques. Once
a sound basis has beénleétablished, the problem can be treated in

an ordinary engineering manner..

4.2 Principles of Measurement

The: systematic monitoring of fhree dimensional aeformations
of a retrogressive- landslide by geodetic methods is a measurement
process. Thus we must consider the fundamental attributes of a.
me;suring,system, (Arthur, 1973).. They are:

(1) The-variables to be measured.

(2) The physical phenomena:employed in the measuring instrument.

(3} Robustness: the intrinsic ability fo survive in its chosen
environﬁent, standing up to impact, prolonged submergence, corrosive
substances, temperature variations, etc.

{4) Sensitivity: the smallest change in the variable being
measured which the instrument will comsistently detect,

(5) Response time: the time the measuring system takes to

“complete a single reading of the variable or a set of variables.
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(6} nggg;_ the difference between the maximum and minimum
quantities that can be measured by the same instrument without going
under any alteration.

(7) Stability: ‘the variation with time of the tolerance within

- which any measurement of the vériable by the given instrument will lie

in relation. to the actual value of the variable.

(8) Environmental Calibration: the relationship between the
actual measureﬁént and the ideal measurement. The ideal measurement
is the value the measured variable Would have had if the presence of
the inﬁtéument would have been miraculoﬁsly avoided.

(9) Accuracy: the tolerance within which any measurement of
the variable by the given instrument will lie in rélatién to the ideal

measurement.

(10) Data Reliability: this comprises the accﬁracy under normal

working conditions, together with the'ability to check for erroneous
readings.

(11) Data.Presentatibn‘Chain: the component chain through which

a.readiné-of the variable-passés before it is read by a responsible

person capable of interpreting the meaning of the data.
The:significancenof'eacﬁ priﬁciple~can'now‘be-assessed,with

Tespect to the: monumentation of a retrogressive landslide using precise

surveying. teclmiques..

4,2.1 Varigbles
The variables to be determined in the monitoring of spatial
deformations of a landslide are the instantanecus three dimensional

coordinates of a point in the slide. The coordinates are determined

r\ ' o '
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by the measurement of:
i) horizontal and vertical theodolite angles to the station;

ii) distances to the station by taping or electronic distance

measurement and;

iii}) elevations by leveling.

4.2.2 Physical Phenomena

Horizontal and vertical angles are measured using optical
survey techniques. High quality theodolites are availabie that can
read. angles manually and electron1ca11y Distances are measured
with modern EDM (electronlé d1stance meter) equlpment, which utlllze
infrared light and special light reflecting targets. Differences in
elevation are measured using optical leveling techniques.

_The»physicél process of angle, distan;e, and elevation
,measurement is performed by a. surveyor. This adds human error into the
measurement process. Since we are dealing with optical survey
techniques,. errors due to atmospheriC'conditions; pointing and set up
will also occur. These add unknown and unmeasurable variables to the

system..

4.2.3. Robustness.

Thevquality'of‘theameasuremgnt process is significantly
affected"by'therquality of the monumentation. Monumentation refers
to the monumentsgur-markers that are placed.in.the slide and observed
for movement. In a retrogressive slide, monuments must Ee installed
such that they will reflect the actual surface movement of the slide.

Those momments must be able to last for a selected time interval and

withstand envirommental changes.




A permanent fixed frame of reference is also required. This
is te;med "control' and gan.be established by.installing geodetic bench
‘marks far ;emovedAfroﬁ the study‘areg. If the reference points move,
the detected movements of. the monuments in the slide will not be the

. true surface movement.

4.2.4 Seﬂsitivizz

It is essential-for'the-surveyor to know whether he is
measuring actual movements of the monuments in the landslide or whether
he is picking up ™noise' in the system. "Noise" is described as the.
accumulation of mlscellaneous errors in the system due to mlsreadlng
the instrument;.pointing, set up, temperature variation and other
unmeasurable or unknown sources.. The level of noise is called
"sensitivity"'andnis'aetermined,from the error ellipseS'calculated

after a least squares. survey adjustment.

4.2.5. Response time

The measurement of a. set aof angles, distances or elevations
may take anywhere from a few minutes to a few hours, depending on the
equipment and field conditions. Since maest retrogressive landslides

are not instantaneous, it is safe to assume that no discernablie move-

ment: will take place during the measuring process.

4.2.6- Range

Surveying equipment ié not significantly limited in the
maximum value that can be read. Alltheodolites can measure angles from
0 to 360 degrees, and EDM equipment can accurately measure distances

from 4 metres to I kilometer or more.




4.2.7 Stability

The variation with time of a surveying instrument is
significant_in the short tefm. Temperature and atmospheric changes
can affect the stability of an instrument and hence the measurement.
Monuments can contract and expand thermally and two measurements taken
minﬁtes apart may'ﬁe slightly different. The effects ultimately affect

the accuracy of the measurements and increase the "noise" in the system.

4.2.8 Envirommental Calibration

The-presence of a monument should certainly not affect the
movement of the Iands;idé, However, it should be pointed out that the
movement of the monument in the slide might not necessarily be repre-
sentative of the true surface movement of the slide. Effects due to
freeze-thaw,. consolidation, tilt, etc., add to the difficulity in

establishing the amount of true surface movement.

4.2.9 Accuracy

The.accuracy'df the measurement will determine the sensitivity
as defined. earlier. The accuracy is comprised. of how accurate an instru-
ment can be read and.how accurate"a perscn can consistently read it.
AllAsurveying;measurunents:should;befrepeaﬁed and the standard deviations
of the measqrementS«determined. The standard deviation of a measurement

is essential in performing a: lIeast: square survey adjustment.

4.2.10 Datza Reliability

The reliability of the data is best determined by examining
the residuals after performing a least squares survey adjustment, and

comparing them with the standard deviations of the observations. In




measurement of slide movement it is sometimes hard to accept that
movement in a certain direction has taken place. The only way to be

sure is to have a high degree of confidence in the data.

4.2.11 Data Presentation Chain

Movement of a 1ands;ide as measured with optical survey
techniques is three dimeﬁsional surface movement only. Thu§ the
analysis of the results must be realistic. Only the surface kinematics
of the slide are'known‘(i.e;, direction and rate of movement). Enocugh
data must be available to establisﬁ.a.definite pattern of movement.
.This mo#éﬁent caﬁ thén be checked against ; model of a reérogress&ve
landslide. The whole process of data presentation and analysis is
enhanced once the sensitivity of the variables is known and the data
has proved. to be reliable.

The- principles of measurement just discussed break down the
measuring process imto. two broad areas:

i) obtaining data in the field and,

ii} reducing and analyzing the &ata.
The task of obtaining the data inm the field, the -selection of monumenta-
tion,. etc., varies f;om project to project. However, the task of
reducing:and.analyzing"the~data;isathé.same. The process can be:
confusing and. complex unless handled in a systematic and'comprehensivé

manner with- the aid of a compﬁter'program“

4.3 Pre-analysis

Before any attempt is made to set up a network to measure
slide movement, it iIs necessary to establish the limit of accuracy

attainable based om the equipment available and the various field

L |
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procedures employed.- Preeanalysis.is'necessary to establish how small
a movement can be detected. This will determine the type of network to
select, the type of monumentatibn‘required, and the sensitivity of the

results to be expected.

4.3.1 Equipment Available

The surveying equipment available at-the University of
Saskatchewan that was applicable to the study is as follows:

(1) Wild T-3 Theodolite: reads directions direct to 0.2 seconds.
Based on specificétions put fbrth by the Horizontal Contrql Sectiqn of
the GeodéticASurvey of fanada, the standard deviation of a set of six
indepgndent pointings can be taken to be 1.2 seconds, (Figure 4.1).

(2) MA-100 Tellﬁrometer: an electronic distance meter which is
capable of measuring:distanées up to two kilometers within an established
accuracy of 1.5 mm, (Figure 4.2).

(3) SokkiSha‘targets.with:optical plummet#: the stated accuracy
in setting up over- a point is. 0.5 mm/m, (Figure 4.3).

(4) Wild NA-Z Automatic Level: a precise level equipped with a
parﬁllel.flate-mizrométer~and.an‘invar-rod, The accuracy is stated as

0.5 mm/km, (Figure 4.4).

4,3.2 Pre-analysis of Error-Ellipses

_Using:the a priori standard deviatioms, a:numher of trials
using different procedures were analyzed for the triangle shown in
Figure 4.5. The analysis was performed using the LSQADJ program in the
similation mode. The results show that for distances under 250 metres
mixed observations (e.g.,two angles and two sides measured) resulted

in the smallest error ellipses. Pure triangulation (i.e., angle
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FIGURE 45 TRllANGLE USED FOR PREANALYSIS



measurement only) resulted in just slightly larger error ellipses.
Pure trilateration {i.e,,ﬁide measurements only) resulted in a constant
sized error ellipse which was7iarger thén the ones for pure triangula-
tion at distances less than éSU metres. ‘Thé results are shown éraphically
in Figure 4.6. The results agree very wgll-with the work by Wolf and
Johnson {1974).

The pre-analysis résulﬁs showed that pure triangulation
provided better sénsitivity‘at.close range_than pure tfilateration.
This suggested. that no distance measurements other than base line
calibration are necessary at less than 250 metres. Using mixed.measure-
ments at close-range does not significantly affect the error ellipses

leaving pure triangulation as the best alternative.

4.3.3 Spherical Excess and Curvature

The. theory of least square adjustments deveioped in Chapter III
dealt with the plane surveying case.. No attempt was made to expand the
theory to éncompass.geodetiCrsurveying“(i.e., accounting for the curvature
of the earth). It isnnecessary now - to- establish at what point the
curvature of the earth becomes sigmificant. |

Since theQearth.iS'approximatély'spherical.in shape,lany
triangle described.on.its:surface will be a spherical triangle.. Moffit
and Bouchard‘(iQTS},.célcuIated,the amount. of spherical excess (i.e.,
the- amount. by which the sum of the: three interior angles of a triangle
will be greater than 180 degrees) as 1 second-per'ZOO square kilometers.
This means that a triangle must be: 200 square kilometers in area in
order to introduce a spherical excess correction of 1 second. The
area of any triangle used in monitoring the landslides at Beaver Creek

will be much Iess thar 1 square kilometer, Hence any error due to
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spherical excess will belléss than 1/200 of a second; i.e., negligible.
It is also necessary to determine if.all coordinates should

be reduced to an equivalent sea level coordinate system. The correction

to -sea level can be given by the equation (befit-and Bouchard; 1975):

7

C.. =C = -1,57 x 10" hzh

. SL ;ea-level_(metres)
where h = elevation above sea level
zh = lgngth of line at elevation h
The sea level distance is then:

bor =4, ¥ Cgp

If the difference in elevation between two points in the

network is 20 metres, not converting to sea level (or any commen datum)

-

will introduce an error of:

€, = -1.57 x 1077(20)% = 3 ppm of £.
For a 300 metre distance this:is an error of 0.9 mm, This error will
not occur in this study if pure triangulation (i.e., horizontal angle
measurement and baserline-caiibraticn) ié'used. As a‘résult,‘all

coordinates calculated will be with respect to the geodetic elevation
of the baseline.. If'distance:measurements were employed, it would be

necessary to convert all distance measurements and hence coordinates to

a. common datum, preferably sea level. - -

4.4 Limits of Accuracy

In monitoring deformations using survey techniques it is
necessary to establish the limits of accuracy, i.e., how much movement
of a point canm occur before it can be consistently detected? For

example, in Figure 4,7, point A has appeared to move to point A' in
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a certain period. The 95% error ellipses overlap in this case. The
question is how much movement has taken place and how confident are we

that any movement has taken place? The determination of the limits of

‘accuracy will establish the smallest movement that can be consistently

detected, based on the equipment available.

4.4.1 Determination of Limit of Accuracy

The magnitude of the 95% error ellipse at 100 metres using‘
pure triangulation is approximafely'S mm. This is reasonable when one
realizes that an angle of 1.2 seconds subtends an arc of 0.6 mm at 100
metres. 0.6 mm is the approximate thickness of a pencil lead. At
100 metres, distance measurements have an accuracy of 1.5 mm hence, the
larger ellipse of 4 mm.

Quan (1978}, has: performed field tésts to establish a statistical
test to determine-confidencés levels in movement. The surveying equip-
ment consisted of a Wild T-3 Theodolite, MA-100 Tellurometer and a
movable reflector. The field tests were performed on a baseline calibrated
by the Geodetic Survey of Canada. in 1978. The network used is shown in
Figure 4.8. The test consisted of measuring the two interior base
angles and two sides of a. triangle and determining the coordinates of
the target at thefapéx. The- target was then moved distances of 2 mm,

5 mm, and 10 mm with the respesctive measurements being taken each time;
The éesultS'show,that a movement of 3 mm can be detected at 100 metres
with 95% confidence. The results also show that no. movement takes

place at the 95% confidence level when resetting up over a point using

'a Sokkisha target. The standard deviations obtained in the field were

considerably lower than the a priori standard deviatioms, but the

ey, p— ¥
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specified a priori standard deviations (1.2 seconds, 1.5 mm) were used
in the analysis.

The statistical test proposed by Quan (1978) is based on

the comparison of two means:

o, 2 o 2
¥ ¥ 1 2
Gr=X) =% o7t Y
5 1 2
_ _ 012 -022
<Xy - Xz U
where ii and fé are the means of independent random samples of size m,
and n, from populations with known variances 012 and 022. Za is the
K3
value of the standard normal curve leaving an area of %—to the right.
This test applies to large samples (e.g., n 2 30) which are normally
distributed. Since the standard deviations calculated in surveying
are based on small samples (e.g., n 2 6), the distribution is no
longer a standard normal distribution but is better described with a
t-distribution, (Walpole and Myers, 1972). Applying
students t-test:
X, - X
A T ]
.@xz
where : 2
n_Sx.  + n,5x
sz -1 i . n2 2
le,sz = calculated standard deviations in the X direction

I

1°P9 degress of freedom
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Walpole and Myers (1972) have published tables for the value of t
for different levels of significance. The value of t calculated
compared with the value of t from the tables will determine if the
Null hypothesis is satisfied at a desired level of significance. The
Null hypothesis assumes that there is no difference between X, and X

1 2

(i.e., X -X2=0). I1f the value of t calculated is greater than the

1
value of t from the tables at a given level of significance, then the
Null hyﬁothesis is not satisfied and the difference, Xl—Xz, is signifi-
cant at that level.

Students t-test can now be used to determine the theoretical
limit of accuracy. Consider a point whose X-Y coordinates are calculated
using a least square adjustment with 2 degrees of freedom (e.g., 2 angle
and 2 side measurements to the point)} for 2 different time periods.
Assume the error ellipses for 68% probability have been calculated for
the point at time A and time A' as shown in Figure 4.9. For simplicity
sake, let us assume the error ellipses are very nearly cifcular and

very nearly equal for both time periods. We can now calculate the

amount of movement, AX, that is significant at the 5% level:

¢ = AX
n.o 2 + n.,o 12
1°4 7 1% (48)
Mty
but o, & 0,1 and n1=n2=2.

For 95% probability (i.e., 5% level of significance) and a total of

4 degrees of freedom: t=2.132 (Walpole and Myers;f1972j.

-.o t=2_132 = —L.

= 202 + 202 J
4

(r AX =3y

AX
202

(49)
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68 % ERROR ELLIPSE

FIGURE 4.2 DETERMINATION OF MOVEMENT




If we substitute the values for the 95% error ellipse, where

Tyy = 161045, (Table 3.1):

AX = 1'9395% =, 20‘95%

This in&icates that movement is signifiéant at the 5% level if the total
movement is approximately equal to the major axis of the 95% error
ellipse. As a general guideline we can then say that movement is
significant at the 5% level if the 95% error ellipses do not overlap.

The results. from Figure 4.6 show that the semi-major axes of
éhe'gs%.error ellipsés are approximateiy'l.s‘mm ﬁsing.pure tiiéngulatioﬁ-
over a 100 metre distance. This would indicate that movement of 3 mm
could be detected at the 95% confidenge level. This agrees exactly
with results by Quan (loc cit), where it was determined experimentally
that 3 mm of movement could be detected at the 95% confidence level
over a distance of 100 metres, using the same available equipment.

The limit of accuracy (i.e.,. the smallest amount of movement
that can be consistently detected) is in the order of 3 mm using the
available equipment. This is based on the assumption that 2 degrees. of
freedom are prdvided'at:each point.. To achieve this accuracy in. the
momumentation of the landslides at: Beaver Creek, it became apparent.

that special monuments, techmiques,. and procedures.were required..




CHAPTER V

MONUMENTATION OF LANDSLIDES AT BEAVER CREEK

5.1. Introduction

Optical surveyiﬁg techniques were used to monitor the
surface movement of a retrogressive Iandslide‘._ Emphasis was placed
on using the results to describe retrogressive landslide behavior as
well as establishing a rigorous approach in reducing the data and

predicting the accuracies of the results.

5.5.1 Selection of the Study Area

The selection of the site was based primarily on the
presence of active slides-and the fact that Beaver Creek has been the

subject of intensive investigation in recent years.

5.2 Selection of Instrumentation-

The: selection of instrumentation was based on the results
of the pre-analysié;. The: pre-‘analysis determined that 95 percent error
elﬁpses in the order’ of 3 mm: at 100 metres could be obtained using
the: equipment available- at the University' of Saskatchewan, Saskat;oon,
Sask. It also showed that at distances of iess-. than 250 metres pure
triangulation provided error ellipses.of smaller magnitude than those

obtained with pure trilateratiomn.

5.2.1 Configuration

Once it had been established that pure triangulation was
the best alternative, the layout of the monuments was selected

accordingly..
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The configuration that was selected is shown in Figure 5.1.
Angles are measured to each of the slide monuments from the
monuments at the edge of the scarp. Since the scarp monuments are not
in a stable area, it is expected they would also move. A fixed frame
of reference (i.e., control) was ensured by establishing a base line
far back from the scarp. These inner monuments would establish the
origin of coordinates and provide horizontal control. Vertical control
would be established by installing geodetic vertical control bench

marks far removed from the study area.

5.2.2 Procedures
The origin of ccoordinates is fixed by the INNER monuments.
The SCARP monuments are referenced to this coordinate system by a
triangulation network consisting of the [NNER and SCARP monuments
(Figure 5.1). The coordinates of the monuments in the slide are
determined by reading angles to the SLIDE.monuments f;oﬁ the SCARP
monuments. The coordinates of the SLIDE monﬁmeﬂts are calculated with
respect to the INNER moﬁuments. Thus, any movement of the SCARP
monuments will not affect the final coordinates of the SLIDE monuments.
The deriﬁation of the statistical test to determiné confidence
intervals in movement presented earlier was based on the assumption
that two degrees of freedom were provided at fhe station in question.
To accomplish the objective of measuring the smallest movement possible,
it was necessary to provide at least two degrees cf freedom at each
monument. This meant that four independent angles would have to be
measured to each SLIDE monument. This would also provide a means of
checking the reliability of the data and greatly enhance the confidence

in the final Tesults.




“INNER' MONUMENTS

‘ t 4 __ @-SCARP" MONUMENTS
; .ll EFGE: ” ‘ ~ ’
y il " . .
N oF [y /A SLIDE MONUMENTS |
-3 .
‘ “C TRIANGULATION.

- NETWORK

O

. METRES
7 " 40 80 120
FIGURE Sk SELECTED'? CONFIGURATION

-




77.

5.2.3 Monument location

Once thg configuration was established, it was necessary to
establish the exact locations of the monuments in the field.

The location of the IﬁNER ménuments was chosen to be in a
- relatively flat area back of the scarp, whefe it was believedlthat
slide movement would have no effect for many years.

The selection of the location of the SCARP and SLIDE monu-
ments was more difficult. The gite was restricted in the sense that
it had to be in the same area where previous research had been carried
on. The selection of the final locations was made by.Professor Moir
D. Haug* based on intervisibility to the scarp and placement at
desirable lccations cn the major slide blocks (Figure 5.2 and Figure 5.3).
Sixteen points- in the slide were selected. This number was chosen to

presumably get'a good representation of the surface movements.

5.2.4 Momument Types

It was established during the pre-analysis that 95 percent
error ellipses in the order-of 3 mm were attainable. Since this
is so small, the type of monumentation had to be selected to ensure
that other errors did not jeopardise this accurﬁcy,
| It;waSudecided‘fo use- concrete monuments with forced
centering baseplates. for the INNER and SCARP monumeﬁts. The concrete
mbnument; are 12,feét'in‘1ength.with<4 feet  exposed above ground

{(Figure 5.4). The base plates were manufactured by Central Shops,

*
Assistant Professor of Civil Engineering, University of

Saskatchewan, Saskatoon, Sask.
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FIGURE 5,3: VIEW DOWN TO THE RIVER

FIGURE 5.2: VIEW-UP TO THE SCARP-




FIGURE 5.5: FORCED CENTERING BASEPLATES
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protect the steel pipe from frost heave. The annular space was
filled with vermiculite. The centering head has a curved surface
and a precise center punched hole (Figure 5.7). The monuments
can be concealed with a cap fitting into the PVC pipe (Figure 5.8

and Figure 5.9). This protects the monuments from weather and vandalism.

5.3 Field Measuring Procedure

The final layout of the monumentation is shown in Figure
5.10. The field measurement procedure involves: 1) baseline
calibration, 2) horizontal angle measurement ‘and 3) precise

leveling.

5.3.1 Baseline Calibration

The baseline was chosen to be between monuments INNER-2
and INNER-3. These monuments were selected because the land between
them is relatively flat and they are far removed from the study area.

The distance between INNER-2 and INNER-3 was measured with
the MA-100 Tellurometer and a Wild.light reflecting target. The
slope angle was measured with the Wild T-3 Theodolite. All the
surveying instruments mount directly on the forced centering baseplates,
minimiziﬂg any errors due to set up.

The procedure consisted of measuring the baseline distance
9 times in each direction and calculating a mean distance.

The MA-100 Tellurometer has been calibrated on a yearly
basis using a baseline established in Saskatoon by the Geodetic

Survey of Canada.
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FIGURE 5.7 CENIERING HEAD3
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The baseline bewteen INNER-2 and INNER-3 has also been
calibrated on a yearly basis. The results indicate that no discernable
horizontal movement has taken place. The results of the calibrations

are given in Appendix A.

5.3.2 -Horizontal Angle Measurement

To minimize the effects of systematic error, it was decided
to measure the same sets . of angles during each survey. This keeps
the systematic errors approximately constant and aids in checking
the'reliability of the data du;ing'sgccessive measuregents. The
angles were read with the aid of Sokkisha targets (employing optical
plummets accurate to 0.5 mm/m) set up over each SLIDE monument. The
targets were set up directly over the center punched hole in the
centering head of the SLIDE monuments. The height of the targets is
at most 2.0 metres which introduces a centering error.of 1.0 mm due
to set up, (Chrzanowski, 1977). The accuracy and adjustment of the
targets is checked regularily against the Wild Nadir Plummet (accuracy
of 0.5 mm/lOO metres) which is the most precise optical plummet
available today (Figure 5.11). This ensured that the targets were
accurate to their specifications and in perfect adjustment.

The field procedure using the Wild T-3 was according to
the specifications set forth by the Horizontal Control Section,
Geodetic Survey of Canada. It specifies 6 independent pointings at
a target to justify a minimum standard deviation of 1.2 seconds. This
invalved 3 individual pointings in a circle right position and 3

individual pointings in a circle left position.
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The procedure involved setting up the targets in groups
of four in the sli&e area, and two targets on the SCARP monuments.
The Horizontal angles were then read from the SLIDE monuments to
the SCARP monuments. Four independent sets of angles were measured
to each SLIDE monument (Figure 5.12). Appendix A presents the
angle meésurement procedure that was used throughout the study.

The triangulation network between the SCARP monuments
and INNER monuments was performed by reading all visible interior
angles (Figure 5.13). This resulted in a minimum of 5 degrees of
" freedom at each concreté monument.

The field results indicate that standard deviations in
the order of 0.2 to 1.0 seconds were easily and consistently
attained in the field regardless of weather conditions., This is well -
below the minimum specified by the Horizontal Control Section, Geodetic
Survey of Canada, and indicates a high degree of accuracy was being
obtained. It also indicates that the Wild T-3 is an extremely precise

and dependable instrument when used properly.

5.3.3 Precise Leveling

The precise leveling was performed with the Wild NA-2
automatic Level in conjunction with a metric invar level rod. The
procedure used for leveling is the one for first order leveling set
forth by the Vertical Control Section, Geodetic Survey of Canada.
This requires an accuracy of 5 mm/km.

The precise leveling circuit was carried from the geodetic
bench marks to all other monuments in a series of interlocking loops

(Figure 5.14). The three geodetic bench marks were also leveled to
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regularly to ensure that no differential movements were taking place.
The field results indicate that standard deviations in the

order of 0.3 mm to 1.5 mm were obtained for all the elevations. This

is well within the requirements for first order leveling and indicates

a high degree of accuracy was being obtained.

5.3.4 - Frequency of Measurement

All the monuments were installed in October, 1977. The first
survey tock place in November, 1977 and consisted of horizontal angle
measurements to'the SLIDE monuments and gssorteg Qistance_measureT
ments between the SCARP and INNER monuments.

The second survey was performed in May, 1978. This survey
consisted of horizontal angle measurement to the SLIDE monuments,
triangulation-trileration between the concrete monuments on top of
the scarp and precise leveling to all monuments.

The third survey in August, 1978, the fourth survey in May, 1979,
and the fifth survey in August, 1979, consisted of horizontal angle
measurements to the SLIDE monuments, triangulation between the concrete
monuments on top of the scarp, baseline calibration and precise
leveling to all monuments.

Special field sheet§ for angle measurement and leveling were
developed to keep the large amount of data recorded organized. The

field data for each survey is presented in Appendix B.
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5.4 Adjustment and Reduction of Field Data

The entire network consists of 23 stations. The triangula-

tion network between all the mONuUments consists of approximately 90

angle measurements. Handling the large amount of data was made simple

by establishing a rigorous procedure to reduce and analyze the results.
This procedure consisted of:

1. Reducing the data and calculating standard deviations in the
field. This ensures that no blunders are made and the required
accuracy of 1.2 seconds is being attained.

2. Comparing horizonfal éngle measurements of the current survey witﬁ
that of the last survey to ensure no blunders occurred.

3. Adjusting the data using program LSQADJ.

4. Checking the reliability of the results and eliminating any
unreliable data.

5. Using a statistical test to find the confidence‘?egioﬂs for

movement between respective time periods, if necessary.

5.4.1 Calculation of Initial Coordinates

The first step was to establish an origin for the X-Y-Z
coordinate system. The baseline was chosen to be from INNER-2 to
INNER-3. The coordinates of INNER-3 were arbitrarily chosen as
X=100.0000 metres; Y=100.0000 metres. The baseline was also assuﬁed
to be the X-axis. This baseline is roughly pérallel‘with the Sou%h
Saskatcﬁewan River (Figure 5.10). Any resulting slide movement willl
be towards the river, i.e., almost entirely in the Y-direction. The

baseline distance was measured to be 83.7176 metres, yielding coordinates

of INNER-2: X=183.7176 metres; Y=100.0000 metres.
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The East Geodetic Vertical Control Bench Mark (Figure
5.10) was assumed to be at an elevation of 100.0000 metres. At the
time of w?iting, the Geodetic Survey of Canada had not yet processed
the final geodetic elevations.

The coordinates of the remaining monuments were determined
once the base line coordinates had been established. There was
insufficient data availablelfrom the November, 1977, survey to establish
the coardinates of all the concrete monuments and the results of the
May, 1978, survey had to be used”for this purpose. As a result, the
data‘froﬁ the November, 1977,-sdrvey was used for checking pufpbses
only and was not us;d for ﬁny movement calculations.

The preliminary coordinates of the SCARP and INNER monuments
were calculated by using various trignometric relationships since the
program LSQADJ requires only approximate coordinates prior to performing
and adjustment. The preliminary coordinates of the SLIDE monuments
were then calculated knowing the coordinates of the SCARP monuments.

After all the preliminary coordinates were found, the entire
network was adjusted using the May, 1978, measurements. This adjust-
ment was performed using INNEﬁ—Z and INNER-3 as fixed stations with
centering error equal to 0.5 mm at all concrete monuments and 1.0 mm
at all SLIDE monuments. The reliability of the results was checked using
the tolerance test. All the measurements were found to be reliable
with the mean, absolute, umweighted resiaual being Q.41 secoﬁds for
angle measurements. The results of the adjustment calculations are
presented in Appendix C.

The initial coordinates of the May, 1978, survey were used

as the basis for calculating movements in all the other surveys. The

fini}“ﬂéigéIﬂﬂ_ﬁnnrdinages for May, 1978, are presented in Appendix D.
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The angles to the SLIDE monuments in November, 1977 and
May, 1978 agree very closely. This indicates that no blunders were

made, but the results were not used to determine if any movement had

taken place.

5.4.2 Adjustment of Subsequent Surveys

The initial coordinates from the May, 1978 survey were used
as the preliminary coordinates for the adjustment of all other
surveys. This eliminated the recalculating of coordinates and
extra punching of data cardg.

The séme procedure for reduction and analysis of the data was
followed in all subsequent surveys. The results of the adjustments
using-LSQADJ is presented in Appendix C. The final coordinates of

the monuments for each subsequent survey are presented in Appendix D.

5.4.3 Statistical Accuracies and Reliability of Results

The reliability of the results for the August, 1978, survey
was checked with the tolerance test for residuals. For the 92
resultant angles (i.e., obtained from the 119 measured directions) the
mean, absolute, unweighted residual was 1.1 seconds, with all the
measurements passing the tolerance test. This indicated that all
the data was reliable.

The reliability of the results was checked for the May, 1979,
survey. For the 95 resultant angles (i.e., obtained from 123 measured
directionsy the mean, absolute, unweighted residual was 1.0 seconds
and all the data was reliable. The results for the August, 1979,
survey were also found to be reliable. For the 89 resultant angles
(i.e., obtained from 114 measured directions) the mean, absolute,

unweighted residual was 1.1 seconds.




96.

Comparison of angles from the August, 1978, and the
August, 1979, surveys differed by as much as 100 seconds which indicated
that movement was definitely.taking place.

The maximum error ellipses occurred at SLIDE monuments
farthest away from the scarp. For example, at SLIDE-7 in August,
1979, the major axis of the 95 percent error ellipse was 6.5 mm. The
95 percent interval for elevation was 2.1 mm. The resultant 95 percent
error elliptical cylinder at SLIDE-7 for the August, 1979, survey is
shown in Figure 5.15. The 85 percent error elliptical cylinders will
- be-used to determine the levels of significance with respect to move-
ment in the next chapter.

In general, the results of all the surveys were found to be
highly reliable. This should serve to greatly enhance our confidence

in the final analysis.
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CHAPTER VI

ANALYSIS OF RESULTS

6.1 Introduction

The surface movements of the landslides at Beaver Creek
were studied and compared to the current retrogressive slide model,

Emphasis was also placed on znalyzing the survey techniques employedi

6.2 Retrogressive Slide Model

The slides occurring at Beaver Creek have been described
as retrogressive in behavior. Figures 6.1 and 6.2 show the landslides
at ﬁresent. They are composed of numerous slide blocks, a clearly
discernable scarp and an eroded toe. A detailed description and
geotechhical analysis of the landslides is presented by Haug (1976)

The nature of a retrogressive mechanism suggests the slide
is triggered by movemeqt at the toe. The movement of the slide then
works its way up the siide in a series of failures. The simulation of
this type of failure requires that the slide be broken into a series of ’
slide blocks.

A graphical illustration of how the different portions of
the slide travel at different speeds, and end up with configurations
similar to those described in the slide, is shown in Figure 6.3. This
figure shows a sequence of failures of a previously unfailed 2 to 1 slope.
The movements are indicated by vectors and a material bhalance is

maintained in the slide at all times.
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FIGURE 6.1: LANDSLIDES AT PRESENT




a UNFAILED SLOPE

b ROTATIONAL FAILURE AND PULLING DOWN
OF THE SCARP

¢ ROTATIONAL FAILURE OF BLOCK 2

- //

d HORIZONTAL MOVEMENT OF BLOCK
ALLOWING BLOCK 2 TO SETTLE AND
BLOCK 3 TO FAIL

e ROTATION AND TRANSLATION OF BLOCK |
ALLOWING 8LOCK 2 TO SETTLE MORE

FIGURE 6.3 RETROGRESSIVE SLIDE MODEL , HAUG
(1976 )

Ve




In order for this type of failure to occur, it must be
assumed that the réte of movement increases towards the river. Blocks
nearer the river should tend to have a predominantly horizontal
movement while blocks near the scarp should have predominantly rotating

movement. This type of model also requires that each slide block move

a5 a coherent mass,

6.3 Observed Surface Kinematics

The amount of surface movement was calculated from the
X-Y-Z coordinates of the slide monuments during successive time periods.

Once the degree of confidence in the movements was determined, an

analysis of the results was made.

6.3.1 Calculation of Surface Movement

The coordinates of the Scarp and Inner monuments could not
be determined from the November, 1977 survey due to a lack of field

information. Hence no movement calculations were performed for the

time period from November, 1977 to May, 1978,

As z tesult, the coordinates of the monuments in May, 1978
were used as the initial or starting coordinates for the remainder of
the study. The three time periods studied are from May, 1978 to _
August, 1978; May, 1978 to May, 1979; and May, 1978 to August, 1979.

The hofizoytal and vertical coordinat§§ were determined
independéntly, bué,could be combined to find the resultant three
dimensional-movement. The movemenﬁ calculations performed were the

calculation of the resultént horizontal and vertical movements and
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their respective rates. The results of the movement calculations

are presented in Appendix E.

6.3.2 Reliability of Results

To assist in interpreting the results, the horizontal and
vertical vectors for surface movement were plotted on a map of the
slide area. The plot of surface movement for the May, 1978 to August,
1978 period is shown in Figure 6.4, for the May, 1978 to May, 1979
time period in Figure 6.5, and for the May, 1978 to August, 1979 time
period in Figure 6.6. The 95 percent error elliptical cylinders have .
been plotted for monuments SLIDE-7 and SCARP-4 on Figures 6.7 and 6.8

respectively.

6.3.2.1 May, 1978 to August, 1978 Time Period

The horizontal surface movements for the May, 1978 to
August, 1978 time interval, (Figure 6.4), indicate that the majority
of the SLIDE monuments have moved a distance of 10 mm towards the
river, All the movements appear to be in the expected direction with
the exception of SLIDE-1. The fact that allof the movement is in the
same general direction and of the same magnitude implies that some
significant movement is cccurring. The plots of the 95 percent error
elliptica; cylinders for SLIDE-7 and SCARP-4 (Figures 6.7 and 6.8)
reveal that the errorellipses do not overlap for this time period.
Base&'on the ‘statistical test dérived'éarlier, this would indicate
that movement is occurring at the 5 percent level of significance.

Movement in the vertical.éirection is small (e.g., 3 mm) at

all monuments and all are in a downward direction. This movement was
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too small to plot on Figure 6.4. The plot of the 95 percent error
elliptical cylinder for SLIDE-7 reveals that the 95 percent confidence
intervals for elevation do everlap which would suggest that the
vertical movement is not highly significant.

- A more detailed statistical analysis of the movements was
not performed gince a consistent pattern of movement was readily
apparent, i.e.,'horizontal movement was towards the river and vertical
movement was downwards, This consistency together with the results
of the least square adjustment suggested that statistically significant

movement was occurring.

Since the movement is very small (e.g., 10 mm horizontally and 3 mm
vertically), it was difficult to establish how much of this was true
surface slide movement. This period was the first time the monuments
have been exposed to summer conditions, It is entirely possible that
setttlement, climatic changes and even the effects of the first
initiating movement may have taken up any "slack" and resulted in tilt
of the monuments. It is feasible that this could account for at least
S mm of movement in a horizontal direction and 3 mm of movement in a
vertical direction. Any attempt at analyzing the movement of the slide

based on the results of May, 1978 to August, 1978 time period was

therefore disregarded.

©6.3.2,2 May, 1978 to May, 1979 Time Period

The horizontal movements for the May, 1978 to May, 1979 time
period, (Figure 6.5), indicate that all movements are in the order of
30 mm to 60 mm and all are towards the river, Vertical movement

ranges from 6 mm to 20 mm in a downward direction. The 95 percent
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error elliptical cylinders for SLIDE-7 and SCARP-4 {Figures 6.7 and
6.8) between May, 1978 and May, 1979 are so far apart that any
statistical test on the significance of the movement was deemed
unnecessary. The consistent pattern of movement together with the
results of the least square adjustment indicated that movement of the
SLIDE monuments was indeed occurring.

The amount of movement was large relative to the May, 1978
to August, 1973 time period. The observed 30 mm to 60 mm of movement
must be due to true surface movement of the slide. It would be
unreasonable to attribute the movement solely to the effects_of
environmental changes on the SLIDE monuments., The slide movement is

undeniably towards the river, as was expected.

6.3.2.3 May, 1978 tc Aupust, 1979 Time Period

The horizontal movements for the May, 1978 to August, 1979
time period (Figure 6.6) indicate that all movements are in the
order of 40 mm to 100 mm, and all follow the direction of movement
that occurred in the previous time period. Vertical movement ranges
from 10 mm to 30 mm in a downward direction. The 95 percent error
elliptical cylinders for SLIDE-7 and SCARP-4 (Figures 6.7 and 6.8
respectively) begin to reveal an ihteresting pattern. SCARP-4,
which is at the edge of the scarp, appears to move the same amount
hori;onta}ly anﬁ verticq}lyr SLIDQ-Z, which is near the river,
appears to move in a p%edominantly horizontal direction. This pattern
is consistent for all three time periods. At this stage, there is

no doubt whatscever that significant surface slide movement is occurring.
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The results of the movement calculations for the three
time periods indicate that surface movement of the slide follows a
definite pattern. The accuracy of the surveying was such that this
movement {e.g., 40 mm to 100 mm horizontally and 10 mm to 30 mm
vertically) could be used to analyze the pattern of movement in the
slide with a high degree of esnfidence. The results of the May,

1978 to August, 1979 time period'will be used for this purpose.

6.4 Analysis of Surface Movements

Prior to an analysis of surface kinematics using the
results of the May, 1978 to August, 1979 time period, it is necessary
to know on what part of the slide the monuments are located. Using
air photos and ground surveillance, the major slide blocks in the
. area have been outlined, (see Figure 6.,9). This shows SLIDE
monuwrnents 1 to 11 are on a major slide block near the river,

(Figure 6,10), SLIDE monuments 14 and 15 are on the edge of a slide
block adjacent to the scarp, (Figure 6.11). SLIDE monuments 12, 13
and 16 are in interbld;k zones between the two major slide blocks,
(Figure 6.12), SCARP-4 is adjacent to a new slide block forming to
the northeast, (Figure 6.13), ‘

The analysis first considers the movement of. the whole study
area, From Figure 6,6., it is apparent that the horizontai movement
is predominantly towards the river. The rate of horizontal movement
varies from 1 mm/month on top of the scérp to 7 mm/month near the

river. This is shown in contour form in Figure 6.14. This supports

the model of a retrogressive slide which states that the rate of
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FIGURE 6.11: SLIDE BLOCK NEAR SCARP:

FIGURE 6.10: MAJOR SLIDE BEJCK NEAR RIVER.
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horizontal movement increases from the scarp to the toe. The contour

map shows that the movement is relatively constant in the middle of

the slide at 4 mm/month to 5 mm/month, with sharper changes in rates

near the

toe and near the scarp.

The vertical surface movement rates have been plotted in

contour form on Figure 6.15. This plot shows downward vertical movement

near the

movement

that the

near the

scarp and near the toe of 1.5 mm/month. There is downward ’
of 0.5 mm/month in the middle of the slide. This indicates
material near the toe is sloughing into the river and the area

scarp is dropping down at a slightly faster rate than the material

in the middle of the slide.

A cross section was drawn across the study area to better

. - . 1.
illustrate the surface movement. The cross section chosen was A-A™ in

Figure 6.

The plot
The area
the same
movement

Near the

Movement

rotation

near the
rates of

There is

-

9, The rates of movement were then plotted on Figure 6.16.
clearly shows the increase in movement towards the toe;

near the top Qﬁ the scarp moves horizontally and vertically at
rate suggestiﬂg a rotational type of motion. The downward
becomes less pronounced with increasing distance from the scarp.
river, the movement is predominantly horizontal.

This observed behavior agrees well with the expected model,
near the top of the scarp is primarily rotation. The amount of
decreases as the blocks near the toe.

The movements of the slide monuments on the large slide block
river indicate that it is moving as one coherent mass. The
movement are very similar as is the direction of movement.

a noticeable effect of sloughing near the leading edge of the
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block as SLIDE-1 and SLIﬁE-T eiperience more movement. The vertical
drop for SLIDE-7 indicates that it is in the process of falling into
the river (Figure 6.17).

There does not appear to Belany significant rotatiom of the
slide block, but it appears to move in a constant, slightly downward
rate., This might indicate that the failure surface is not horizontal
but slightly sldping towards the river.

SCARP-4 is located near to a new slide block that is

 forming to the northeast. The resultant movement is probably strictly

rotation. The. resultant movement is inclined at a 45 degree angle to
the horizontal.

The movement of the three INNER monuments is very small.
In fact, no significant movement of the INNER monuments has taken
place in the horizontal direction or the vertical direction, ét least no
mofement outside of the original 95 percent error elliptical cylinder.
This ensures that the baseline is stable and that no undue movement
has taken place due to tilt, consolidation of the monuments, freeze-
thaw, etc.

A close look at the plots of the 95 percent error elliptical
cylinders for SLIDE-7 and SCARP-4 (Figures 6.7 and 6.8 respectively)

reveals a seasonal trend. The movement from May, 1979 to August, 1979

. is mﬁcﬁ_la:ger than the movement from May, 1978 to August, 1978. In

other words, the slide appears to have moved more during the summer of
1979 than during the summer of 1978. This trend suggests that
monitoring of the slide should continue into the future to establish

if there is indeed some correlation between surface movement and
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' SLIDE-7 IN PROCESS.OF SLOUGHING INTO RIVER.

FIGURE 6.17:
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environmental factors (e.g., water table, rainfall, river level, etc.).
The slide has also appeared to move more during the August, 1978 to
May, 1979 period than during either summer; This might suggest that
spring thaw affects the movement of the slide. Much more data than

is currently available is necessary to establish any seasonal trend,

however it definitely does warrant further investigation.

6.5 Analysis of Survey Techniques

The integral parts of the instrumentation are the monument
type, monument location, measuring technique and surveying equipment

available,

6.5.1 Monumént Type

- The concrete monuments (SCARP and INNER) with the forced
centering baseplates were found to be very reliable. They simplified
the measuring process by enabling the surveyor to mount the equipment
quickly and consistently each time. They have not experienced any
deterioration or significant movement due to environmental changes.
They provide a reliable means of horizontal control which enhances
confidence in the results.

The SCARP monuments have eiperienced some.horizontal and
vertical movement but this has not affected their usefulness.

The SLIDE ﬁOnuments ﬁ;vé withstood all the environmental
conditions considerably well. After the initial movement, they seem
to be firmly mounted in the slide surface and capable of reflecting
true surface movement.

The geodetic vertical control bench marks have not moved
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and provide the most reliable means of vertical control.

6.5.2 Monument Location

The study area should have been located 50 metres to the
southwest. This would have allowed for the monumentation of two
clearly discernible slide blocks, (Figure 6.9). The location of the
present study area is in a complei area which made interpretation of
the results more difficuilt.

An important consideration is to determine exactly how many
monuments are necessary to adequately monitor the landslide. For
example, SLIDE monuments 1 to 11 have all moved esséntially the same
amount in the same direction. This is because they were on one slide
block. One moﬂument at each corner should have been sufficient to
adequately describe the slide block movement with respect to rate and
tilt. The monuments should be placed far enough back of the leading
edge so they do not begin to slough into the river as evidenced by
SLIDE-1 and SLIDE-7. jhonuments placed in interblock zones such as
SLIDE-12, 13 and 16 do not add any pertinent information, and should be
avoided. The SCARP monuments are in a good location in the sense that
the study area in the slide can be shifted and all SCARP monuments will
still be in desirable locations., It might haye been possible to
.dispense with monument INNER-1 since it only served to reinforce the
triangulation net on top of the scarp. tHowever, a high order of

-

horizontal control was needed and was obtained utilizing INNER-1.

:
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6.5.3 Measuring Techniques

The measuring technique consisted of having two degrees of
freedom at each SLIDE monument. This resulted in highly reliable
results and a great deal of confidence in the calculations. Using
one degree of freedom would increase the size of the error ellipses
and ultimately affect the statistical test for movement.' Two degrees
of freedom should continue to be used.

It is interesfing to note that'the pattern of movement
established during the May, 1978 to August, 1978 time period was
followed throughouf. This indicates that some true surface movement
must have been detected during this time period. This lends
credibility to the statistical test which states that significant
movement has occurred if the two 95 percent error ellipses do not
overlap. It is perhaps unfortunate that such a large amount of slide
movement occurred relative to the 95 percent error ellipses and the
use of the statistical test was deemed unnecessary in the latter time
periods. It will eventually be necessary to establish exactly how
small a movement can be consistently detected if surveying techniques
continue to be used in geotechnical engineering. A detailed verifica-
tion of the statistical test was determined to be beyond the principal
objectives of this thesis once it had been established that the test
did not in any ﬁay affect the final analysis of the surface movements

of the slide.

AL__.__! _
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6.5.4 Equipment

- Each survey consisted of approximately 115 direction measure-
- ments, Using a theodolite that is not as precise as the Wild T-3
would not reduce the measurement time by a significant amount.
However, a total station instrument such as the K § E Vectron, which
can calculate the coordinates in the field, would greatly reduce the
measuring time. Its applicability has yet to be determined.

The total measuring time took 3 full days with 1 person and
just slighfly shorter with 2 persons. The surveying time consists
mainly-sf angle measurement and leveling. Consequently, the
implementation of more pbints would increase the surveying time in a
linear fashion, (Figure 6.18). The use of the more points would also
increase the data reduction time in a linear fashion. This amounts to
about 1 day to reduce and code the data, run the LSQADJ program, check

and plot the results.
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CHAPTER VII

CONCLUSION

7.1 Retrogressive Slide Model

*

The principal conclusion of this study is that the rate of,
lateral movement of a retrogressive landslide increases from the
scarp to the toe. The results also suggest that movement near the
scarp is predominantly rotation, and near the toe movement is
predominantly translation.

The vertical movement-of the slide was downward
throughout the study period, This might indicate that the failure
surface is sloping slightly downwards from the scarp to the toe.

A seasonal trend in the movement of the slide is apparent.
The slide moved more during the summer of 1979 than during the
sumner of 1978, Also,;Ehe slide appeared to move more during the
winter of 1978-79 than:during either summer. This suggests that
some correlation exists between slide movement and environmental changes,
(e.g., river level, rainfall, freeze-thaw). |

The analysis of the movements was hampered because the
study area contained only one clearly discernagle slide block.
‘Relocation of the study area might have yielded better information on
the movement of slide blocks near the scarp,

The observed rate of movement of the landslide was 7 mm/month

near the river and 1 mm/month near the scarp. 7 mm/month corresponds to

(e
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approximately 1 x 10'9 ft/sec, which would classify the landslide as

extremely slow (Schuster and Krizek, 1978).

.7.2 Survey Technique

The sﬁrvey techniques used in this study gave very reliable
results. This is because a comprehensive preanalysis was made to
determine the optimum type of network and to determine the expected
statistical accuracies, The analysis was greatly enhanced with the
use of thé'comﬁuter program LSQADJ which was used to perform the
least squares adjustments, calculate the statistical accuracies and
check the teliability of the results.

- The study was aided considerably by the availability of
precise surveying equipment: the Wild T-3 Theodolite, MA-100
Tellurometer and the Wild NA-2 precise level. However, this equipment
1s readily available from various companies and is not unique to this
particular study.

The results indicated that the smallest movement that can be
measured at the 95 percent confidence level using the available
network and equipment was in the order of 7 mm at 150 metres. This
accuracy was more than adequate Since movement in the order of 40 mm
to lqp mn occurred im the slide.

This stﬁdy indicates that surveying techniqﬁes can be‘ﬁsed

“to measuré small deformations with a high degree of confidence, It
is recommended that the methods of preanalysis, selection of configura-

tion, selection of type of monumentation and final analysis employed

’ I | |
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z

herein be utilized when employing survey techniques as part of the

total instrumentation in future geotechnical investigations.

7.3 Further Study

The present study should be carried on into the future.
This would yield more results concerning the rates of movement, types
of movement and possible seasonal trends in movement. This information
is necessary if we are to analyze retrogressive landslides in the
future with a reasonably degree of confidence.

The whole process of least squares survey adjustments, with
Tespect to statistical accuracies and detection of mévement, should be
further investigated. A possible field test to investigate the
statistical test” for detection of movement presented in this thesis
would be similar to that proposed by Quan, (1978). However, the
concrete monuments present at the Beaver Creek site would provide a
mich more reliable means of c0ntroi. More measurements with varying
degrees of freedom shoﬁld be taken to determine exactly when movement
can be consistently detected and compared to the results of the
statistical test. It is necessary to establish this threshold limit
if surveying techniques are to be accepted as a useful measuring
technique in geotechnical engineering. i

This survey network at Beaver Creek is just one part of the

total instrumentation. Slope indicators had been installed in the

5lide in 1977. An interesting project would be to compare the move-
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ments of the slope indicators with the movement of the SLIDE
monuments, It is hoped that the surface movements obtained from
survey measurements would assist in interpretation of the results
from the slope indicators and vice versa. A study such as this
should reveal that surveying. techniques are indeed an essential
component of the total instrumentation of a landslide, or in fact,

in any geotechnical investigation.
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APPENDIX A

Baseline Calibration and Angle
Measurement Procedure

Page No,
A.1 Baseline Calibration 133
A.2 Angle Measurement Procedure 140
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Al BASELINE CALTBRATION

The baseline was chosen to be between monuments
INNER-2 and INNER-~3. The line was calibrated on
October 29,1977; May 15,1978; and August 13,1979.

Sample Calculation for October 29,1977
Field data

Indicated slope distance:

83.8265 €3.8270
83.8267  83.8206
83.8272 83.8268
83.8264  83.8262
83.8268. . 83.8269

mean= 83.8267 meters; standard deviation = 0.0003 m
Dry bulb temperature = 14.8°C

Wet bulb temperature = 9.3°C
Barometric pressure = 27"Hg

G815 millibar

elevation INNER-2 baseplate = 99.9692 metres
elevation INNER-3 baseplate = 98.0216 metres

height to center of MA-10C = 0.4C0 metres
height to center of Wild reflector = 0.240 metres

reflector constant = =0.086 metres = zero correction

from Table A.1
barometric pressure = 915 mb
Té = 14.8°C
thus ¢ =+22.7 ppm

from Table A.Z2

Tw = 9.3.C

AT =5,5C
thus ¢ =+0.3 ppm

Total correction = 22,7 + 0.3 =+23.0 ppm
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Therefore corrected slope distance:
8§ = 83.8267 - C.086 + 83.8267(1 + 23.0 ppm)
S = 83.7426 metres |
Ddfference in elevation:
h = 99.9692 ~ 98,0216 + 0.400 = 0.240
h = 2.108 metres
Therefore corrected horizo?tal distance:

2 ” L
H = (83,7426 - 2,108 )

H = 83.7171

SUMMARY OF CALIBRATIONS
November, 1977 = 83.7171 + 0.0Cl5 metres
May, 1978 = 83.7176 + 0.0015 metres

August, 1979 = 83.7166 + 0.0Cl5 metres
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TABLE 4.2
TABLE 2
Correction for water vapour AK
Dry Bulb Temp. Wet Bulb Depressian (°C)
°C 0 5 10 15 20 25
—10 0.1
-5 0.2
0 0.3
~5 0.4 0.1
10 0.5. 0.2
15 07 : 0:3 01 -
20 i 0.9 0.5 0.2
25 1.2 0.8 0.4 0.1
30 1.6 11 0.6 0.3
35 21 1.5 0.9 0.5 ) 0.1
40 26 1.7 1.3 0.8 0.4 0.1
- T a4 . 1.9 1.7 14 0.6 - 0.2
50 4.3 3.2 2.3 1.6 1.0 0.5

N.B.  All the.above values are Fos;{-;u ‘

Above values calculated from 15.02 ;el-.

where T = air temp. *K
e = partial press. H,O {(mmHg) from NPL tables.
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MA10O FIELD SHEET

o | TNNER-2. ™| IMER-~? DATE | Oct 29 /47
OPERATOR D. Stuart WEATHER Swnry, Copl
msTroveNT # | MA-100 | = ©.4C0m TEMPERATURE  [7d® 14.8°C 3 Tw: 5.5°C
reriEcTores) | Wild = 0,240 | - BAROMETER - 27 " Hg-- - '
EXTERNAL SIGNAL | - gflecTor -0, 086m
MX10
M 0|8
MMX100 8 13-
MMX10 3 5_
MM : 8 2 b 5 F
Bl2 17 O g
DIDICATED DISTANCE | 8131 812 |7 |0 |ermman
- O 8| 61O | sro correcrron
| 11423 ppm) MET. CORRECTION
SWOPE DISTANCE Bl131 7141216 |
. 82L7 8262
8h: 1,948+ D .40~ 0,240 .8272 .g2b6
:2./08 . B26% ‘8268
g26H . 8162

z z U,
H=(83.792¢, -z.zea)’
= 82,111l

g

L4
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MAL100 FIELD SHEET

roM | TNVNER- 2 | TyuE R-3 W | fay IS /78
OPERATOR G. Stamatinos WEATHER Sunny, Warm
wsTRENT #  |MA- (00 | = 0.400m TEMPERATURE | Td= 15°C ;T [0
- REFLECTOR(S).- Wild 20.240m - BAROMETER 21.5 "Haq
EXTERNAL SIGNAL | | | rﬁﬁcﬁm -0.08b m
MX10
M Ol B
MMX 100 81 3
MMXLO 21 8
MM 181 3 O |2 |F
Bl216 17 |
INDICATED DISTANCE | Bi21 8|l 217 | b |r/muza
- 10 8 b O | 7ero corrECTION
(il 1BL5 m) MET. CORRECTION
SLOPE DISTANCE | Bi131 114131
.82¢7  .8280
Ah: [.924B +0 400~ 0.2¢0 .82 . H274
= 2,108 . .82 80 '82186
" He (8314317 2.108%) %izi stb
= B T76
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MA100 FIELD SHEET
ot | TNNER-2 © | THNNER-3 DATE | Auwg 13 /79
BERATOR | K. Churecne #¥ WEATHER - Stumy(, Aoﬁ”.
msTRAENT # (M4 -/00 | m0.400m TEMPERATURE |77 30.5C 1 7:/7.6C
ReFLECTOR(S) | ZC- / % 0, /20 | BAROMETER 28.9 “Hg |
EXTERNAL SIGNAL re ?éé"é%’ia. ~Oe O/38 1 |
w0 [ O o
o R | g 1 _
7 MMX100 8 - 3 )
T - MMX10 Y O _
e 171517118 |5
1715 18 |0 |=
mnréamn DISTANCE | | 8 3 115 |7 5 F/R MEAN - _
=~ L Ol T 13 10 | zrocorrectron
101+ 19.5 Pp Fn)’ MET. CORRECTION
SLOPE DISTANCE Bl13 17141612
L . V1576 15T
dh: | 948 +0.40D - 0. 120 .75 68 .157¢
\Hi (3,142 - 2.23 g2)” ) -;Is 8l 7577
L T B3TIkE
S
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A.2 Direction Measurement Procedure

Slide Monuments - 2 degrees of freedom

Wild T-3 at: Targets at:

SCARP-1 | SLIDE-5,6,7,10,SCARP-2
SLIDE-5,6,7,10, SCARP-3
SCARP-4 SCARP-2, SLIDE-5,6,10,7
SCARP-3, SLIDE-5.6,10.7
SCARP-1 SLIDE-1,2,3,4, SCARP-2
SLIDE-1,2.3.L, SCARP=3
SCARP~4, SCARP-2,SLIDE-4,2,1,3
SCARP-3,SLIDE~4,2.1.3
SCARP-3 ' SCARP-2,SLIDE-13,12,11,9
SCARP-1,SLIDE-13,12,11,9
SCARP-2 SLIDE-13,11,12,9,SCARP-3
SCARP~1 'SLIDE-11,13,12,9,SCARP-3
SCARP~2 SLIDE-14,8,15,16,SCARP-L
SLIDE-1L.8,15,16,SCARP=3
SCARP-1, SCARP-2,SLIDE-16,8
SCARP-3 SLIDE-16, 8
SCARP-3 SCARP-2,SLIDE-14,15

SCARP-1,SLIDE-14,15

Triangulation Network on Top

INNER-1 INNER-2,SCARP-2,3,4

INNER-2 © INNER-3,SCARP-1,2,3,4, INNER-1
INNER-3 SCARP-1,2,3, INNER-2

SCARP~1  SCARP-3,4,2, INNER-2,3

SCARP-2 SCARP-3,.,INNER-1,2,3, SCARP-1
SCARP-3 SCARP-4,INNER-1,2,3,SCARP-2,1
SCARP-}, INNER-1,2,S5CARP~1,2,3

e
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APPENDIX B

Field Results

May, 1978 Survey
B.1.1 Angle Measurements
B.1.2 Leveling

August, 1978 Survey
B.2,1 Direction Measurements

 B.2.2 Levéling

May, 1979 Survey
B.3.1 Direction Measurements

B.3.2 Leveling

August, 1979 Survey
B.4.1 Direction Measurements

B.4.2 Leveling
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B.1 May, 1978 Survey

B.1.1 Angle Measurements
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B.1.2 Leveling
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May, 1979 Survey

B.3

B.3.1 Direction Measurements
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APPENDIX C

Results of Adjustment Calculations:
Statistical Accuracies and Reliability

of Data Checks

May, 1978 Survey
C.1.1 Horizontal Adjustment
C.1.2 Vertical Adjustment

August, 1978 Survey
C.2.1 Horizontal Adjustment
C.2.2 Vertical Adjustment

May, 1979 Survey
C.3.,1 Horizontal Adjustment
C.3.2 Vertical Adjustment

. August, 1979 Survey

C.4.1 Horizontal Adjustment
€.4.2 Vertical Adjustment
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APPENDIX D

Final Adjusted Coordinates

May, 1978 Survey
D.1.1 Horizontal: X,Y
D.1.2 Vertical: Z

August, 1978 Survey
D.2.1 Horizontal: X,Y
D.2.2 Vertical: Z

May, 1979 Survey
D.3.1 -Horizontal: X,Y
D.3.2 Vertical: Z

August, 1979 Survey
D.4.1 Horizontal: X,Y
D.4.2 Vertical: Z
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E.]l Horizontal Movement Calculations

The coordinates from the May, 1978 survey were used
as the starting coordinates for all monuments. The
movements in each subsequent time period were then calculated
by subtracting the May, 1978 coordinates from the respective
final adjusted coordinates. The resultant horizontal
movement is the resultant of the movements in the X and Y
direction. The rates of movement for each time period were
found by dividing the resultant movement by the time period
in months. The time periods are as follows:

May 15, 1978 to August 28, 1978 = 3.4 months
May 15, 1978 to May 15, 1979 = 12.0 months
May 15, 1978 to August 21, 1979 = 15.2 months

The results of the horizontal movement calculations
are presented in Table E.1.

E.2 Vertiecal Movement Calculations

The calculation of the vertical movements and the rates
of vertical movement also followed the procedure outlined
above. There was no movement of the geodetic vertical control
monuments during the study period. The results of the vertical
movement calculations are presented in Table E.Z2.




Table E.1: Rates of Resultant Horizontal Movement

May/78 May/78 May/78

STATION Aué778 Rg;F Ma;??Q RggE Aug?79
NAME {rm) month {(mm} month (mm)
INNER-1 1.0 0.3 3.0 0.3 3.9
INNER=2 . 0.0 0.0 0.0 C.0 c.0
INNER-3 0.0 0.0 0.0 0.0 0.0
SCARP-1 1.1 0.3 b3 0.4 2.9
SCARP=2 2.4 c.7 8.3 0.7 11.0
SCARP-3 372 c.9 13.1 1.1 20.0
-SCARP=~4 ~  5.1- 1.5 20.2 1.7 - - 32.8
SLIDE-1 6.1 1.8 53.6 L.5 91.8
SLIDE-2 7.7 2.3 L5.3 - 3.8 83.6
SLIDE-3 8.6 2.5 6.0 3.8 8L.9
SLIDE-4 3.1 0.9 0.8 3.4 78.2
SLIDE=5 10.3 3.0 51.1 h.3 89.0
SLIDE-6 12.1 3.6 55.9 L.7 93.6
SLIDE-7 10.5 3.1 65.2 5.4 104.7
SLIDE-8 11.7 3.4 L4.6 3.7 72.7
SLIDE=9 9.L 2.8 39.1 3.3 72.2
SLIDE-10 11.9 3.5 Ly.l 3.7 Th.b4
SLIDE-11 9.3 2.7 L1.7 3.5 69.7
SLIDE-12 8.8 2.6 34.9 2.9 61.5
SLIDE-13 1C.0 2.9 35.0 2.9 56.2
SLIDE-1L4 5.9 1.7 21.9 1.8 37.3
SLIDE-15 7.2 2.1 25.1 2.1 39.1
SLIDE-16 12.5 3.7 37.8 3.2 64.2

RATE
mm

month
0.3
0.0
0.0
0.2
C.7
1.3
2.2
6.0
5.5
5.6
5.1
5.9
6.2
6.9
L.8
L.8

k.9

L.6
4.0
3.7
2.5
2.6
L.2
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« =5 of Vertical Movement
May/78 May/78 May/78
STATION Au;778 RigE Ma§779 RigE Aué??g Ré;E
HAME (mm)  momth  (mm)  momnth (mm) month
INNER~1 0.0 0.0 0.2 0.0 1.2 0.1
INNER-2 0.0 0.0 2.1 0.0 1.2 0.1
INNER-3 0.0 Q.0 2.2 0.0 = 1.7 0.1
SCARP-1 0.0 0.0 3.3 0.3 b7 0.3
SCARP-2 0.0 0.0 6.8 0.6 9.8 0.6
SCARP-3 0.0 0.0 13.5 1.1 24.8 1.6
SCARP-4 3.2 0.9 17.7 1.5 32.3 2.1
SLIDE-1 1.6 0.5 - 10.4- 0.9  17.9 - 1.2
SLIDE-2 1.6 0.5 7.0 . 0.8 12.2 0.8
SLIDE-3 3.9 1.2 8.8 0.7  17.5 1.2
SLIDE~4 1.7 0.5 6.6 0.6 11.5 0.8
SLIDE-5 6.1 - 1.8 - 8.8 0.7 19.1 1.3
SLIDE-6 4.4 1.3 11.0 0.9 18.0 1.2
SLIDE-7 2.4 0.7 22.3 1.9  29.1 1.9
SLIDE-8 1.9 0.3 6.2 0.5 9.5 0.6
SLIDE-9 1.1 0.3 3.8 0.3 5.6 C.L
SLIDE-10 2.2 0.7 b1l 0.3 5.5 0.4
SLIDE-11 1.7 0.5 5.9 0.5 8.7 0.6
SLIDE-12 2.0 0.6 1.4 0.1 2.9 0.2
SLIDE-13 3.8 1.1 3.4 0.3 6.1 0.4
_SLIDE-14 3.6 1.1 16.1 1.3 29.5 1.9
SLIDE-15 2.0 0.6 11.1 0.9 19.4 1.3
SLIDE-16 0.5 0.2 8.8 0.7 16.3 1.1

L




F.1
F.2
F.3
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APPENDIX F

Verification of the Computer Program LSQADJ

Example #1
Example #2
Example #3

Example -#4

Level Adjustment
Level Adjustment
Horizontal Adjustment

Error Ellipses

Page No.
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F.1 Example #1 - Level Adjustment

A comparisen was made between LSQADJ and the Geodetic
Survey of Canada program LEVELOB. The program LEVELOB was written
and documented by Peterson, 1966. The example chosen was Example (b},

pp 17, (loc cit). The results of the adjustments from LSQADJ and

. LEVELOB are presented in Figures F.1, F.2 and F.3.

Figure F.1 illustrates fhe level net to be adjusted and
partial'results of the adjustments. The adjusted elevations and
the respective standard deviations calculated by both programs agree
exactly. Figure F,2 illustrates that the mean residual and standard
error of unit weight also agree exactly. Figure F.3 shows that the
standard deviations calculated for each link after the adjustment
agree exactly.

The comparisen reveals that the level adjustment portion
of the program LSQADJ yieids the exact same results as the Geodetic
Survey of Canada program LEVELOB. The exact agreement between the
two programs indicates that the level adjustment porticn of the

program LSQADJ works correctly and can be used with confidence.



(15880 161,08

+124.35 . T2 7.24

. ABLE
. | Elev. fixed
at 200.00

+248.69

LEVEL NET - EXAMPLE-#1

s - _ o -

STATION STA1IQN PRELIMINARY ADJUSTED STANDARD
NUMBER - NAME ELEVATION ELEVATION DEVIATION
ERERERER AR EE R R AR ERRRE R AR AR R AR E AT AR TR R AR R RR AR AR AR A AR R R AL k®

1 BMA 188.6000 188,.58948 0.0915

o 2 BM2 27.5000 27.5772 0.1178
3 TRTANG 448,7000 443.8149 0.1153

5 BAD 328.6000 324,3452 0.0882

REEAEAE AR ARAT R LA E AR TN REERRIRA A AR Rk A Ak kA Rk ARkt kRhn

LEVEIOB (from Peterson, 1966)

ADJUSTED ELEVATION MATRIX SeD,
1 84D 324,34582 « 0882
2 cAD . © 541.5303 . 10467
'3 TRIANG "~ 348,8149 «1153
4 Bm2 - 278772 ' 1177
5 8MA © 188:5898 »0914
& ABLE 2060000 o

. L F"IGURE F.1l: EX}!.PLE #1




o .
L INK FROM ™ CALCULATED UBSERVED
NUMBER STATION STATION DiFF. IN ELEV DIFF, IN ELEV
1 ABLE - BAD 124,3452 124.3500

5 BMA BM2 ~161.0127 -161.0800

(I T T T T T T PR T LY T Y % vt Ty T T r YT P IY TR LT Y YR YT RYYY Y YY PR YT YY YL YT Y YLTY)

6 BM2 TRIANG . 421,2378 421.3600

7 BAD  °  BMA =135,7554 T =135.8100

- 0 S S T W T @b bW S T w oS my b o A w6 oy LT L LTI XL

8 CAD BM2 - ' -513,9532 _ =513.8100

9 ABLE TRIANG 248,.8149 248,0900

P Y ey pey Y YT Y Y YTy LTy Ty rvor Y Ty Y O rrr 5t T IR TY I ITRY LR IY R YTETYT Y Y YT YY Y YT YT Y L

AA AR AT E AR AR N T AN TN AR R AR R A A AR AR AR AL AX RN AR R

MEAN RESTOIIAL= 0 _0170

- §TD. ERROR UF 08S. UF UNTT. wEIGAT= 0,.1456

—tktkhkk bk hkkkkkhk bbbk bk kirk bk bk dkbhk bbbk bk bbbk bbbk bk k

- EEVELOB (from Peterson, 1966).

Foou 10 ADJLELEV, OES.ELEV.

LInE e -
NO. sTaA, STA« . BDIFF,  DIFF.
!  ABLE BAD 124.3452 124 2560
2 BAD CAD o . 217.1851 217.7400
3 CAD TRIANG ~92.7154 =YZ,795390
4 ABLE BMA . - ™ll*4102 -1ile+2600
.5 BMA BM2 -161:01i27 ~161+05800
6 BMmz | TRIANG - 4212378 421.3¢00
‘T BAR BMA - ~135.7554 =135.8100
& CAD gM2- =513.953] -513,3100 -
9 . ABLE - TRIANG 248.8149 243,6500 -
MEAN RESIGUAL _ . 018
STD.ERROR OF OHS.OF UNIT T, +1455
FIGURE F.2: EXAMPLE ‘%1
‘L*
¥




N
[ |

S . -
LSQADJ
LINK
L1INK FRQM™ 10 RESIDUAL LINK STANDARD
NIIMBER STATION STATION (CALC=-0HBS) WEIGHT OEVIATION
KXRA TR XX AKX AR ARAF AT I AR AN A AR xR R AR ok kkdk bk & kb k Xtk ke kd ook ki ki
1 ABLE BAD -0.0048 1.47 0.0882
LA L L T 3 F 3 ¢ 2 X J T ¥ 3 T B 2 2 1 T I 1 J C R R D D L L L B Lk L ¥ L L 1 N LT T 2 T Xt L L I £ & L1 I I° I3 T 1 T 1. 1T §
e RAD CAD -0,0549 2.50 C 0.0799
A A D — A A A S S . ol L S S e A T Y N o A S A e . g S - W A A N g e wi wen shiy oA S o i ol A P ST iy P ek wpe gy oB) b fee oy P S S e wn e e S e S ne S )
3 Cap IRLANG 0.0446 1.79 0.0856
5 BMA BMg 0.0673 0.95 0.1038
-] Bm2 - "TRLIANG -~ =0,1222 1.25 0.0940
7 BAD BMA N.0546 2.38 0.0766
A CAD 8M2 -0,1432 1.52 0.0867
9 ApLE TRIANG h.1249 0.58 Uell153

EREXERAXERRAANRRA RN ERAEABRLTERRXERERERNRARL AR AR RA R AN AT A AR ARk AR &

LEVEIOB (from Peterson,l966) .

F}GURE—!?S—MPHE #1 e

LINE  Faou 70 RESIOUAL - WEIGHT LINK :
NO. STA, STA. (GRS-ADJ) SeNe
1 ABLE BAD .CR45 l.47d0 iCAB2 -
AD CAD <0545  2.54800. G
A TRIANG =0.0446 . 1.3059 R IEVA
5. ABLE Bma - *0802 1*2158 XA
R BMA BM2 - =0s05873 98245 e 1035
: BMz TRIANG »1222 142500 0940
T BAD BMA =0.¢346  2,331n 0764
¢ CAD BM2 C e1831 1 5150 0757
2 . ABLE TRTIANG ~0.1249 <5848 . :1?5%
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F,2 Example #2 ~ lLevel Adjustment

A comparison was made between program LSQADJ and the results
of a level adjustment published by Moffitt and Bouchard, 1975. The
example chosen was Example A-1, pp 773, loc c¢it. The results of the
adjustment from LSQADJ and Moffitt and Bouchard are presented in
Figure F.4 and F.5.

Figure F,4 illustrates that the adjusted elevations from
LSQADJ and Moffitt and Bouchard agree exactly. Figure F.5 shows thaf
‘the calculated residuals and.standard deviation of uﬂif weight.also
agree exactly. The link standard deviations do not agree since
Moffitt and Bouchard caléulate them by a method different than the

one used by MSQADJ and LEVELOB:

Moffitt and Bouchard (1975)

1
o = Q0 ——————
LINK PLINK

LSQADJ and LEVELOB

2 2 2

9oz < UiT * GZF - z”szF

The method used by LSQADJ and LEVELCB is more strictly correct since
it uses the values from the variance-covariance matrix.

In summary, the level adjustment portion of the program
LSQADJ program appears t6 work-correctly when compared with Moffitt

and Bouchard (19875).




LENGTH FROM OBSERVED
LINE

{miles) O DE
i 1.49 A-B —- 3.278
2 1.12 B-G - 1.467
3 1.32 G-H + 9.756
4 1.15 H-4 - 4975
5 1.27 B-C + 8.429
6 1.03 C-F — 6,528
7 1.38 ~G - 3.352
8 1.32 c-D +16.724
9 0.96 D-E —12.563
10 1.29 E-F -10.721
11 2.36 F-K +12.249
’ LSQADJ
STATION STATION PRELIMINARY ADJUSTED STANDARD
NUMBEHN NAME ELEVATIUN ELEVATIUN DEVIATION —
AE AR RN E AR AR AR AR TN R RARRAAERRAA AR T Ak kA e kA Ak %
' 1 B 853.1470 | 853.1497 0,0148
2 o 861.57h0 Bhl.SRS2 0.0141
3 E R65.7690 865, 7649 g,014R8
q F RS5S.04AR0 855.0433 V. 0140
5 G BS1.6800 851.6780 00,0159
6 H A6t 4360 861.4154 0,0161
MOFFITT AND "BOUCHARD {(1975)
soLuTIoN (ft) ADJUSTED ELEVATION (ft)
Xy 4-0.003 B == §53.147 4 0.003 = 853.150
X3 +0.010 C = 861.576 4 0.010 = 861.586
X= N . +0.001 E = 865.769 4+ 0.001 = 865.770
Xa ~0.005 F == 855.048 — 0.005 = 855.043
2y —0.002 G = 851680 — 0.002 = 351.678
X —-0.020 H == 861.436 — 0.020 = 861.416

| i pﬁm F.,: EXAMPLY #2
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303. LINK
- W) FROX RESIDUALT

( 1] CTANR STANDARD
MyMBER STATTUN STATINON (CALC=DBS8) WEIGHT DEVIATION
ARER R R R R R RN AR R AR I A AT R A T AT A AR AR AR A RERAREEAAER AR AR ARA RN AR

1 3 ) U002 7 0-67 —0.T0Td8
P R G =0.004d56 .89 —0L0TIST

e 4 e e A eb e o wl el v ey = o S .. . -l

3 ' ¢} H =-0,01872 V.76 G.0T66
e A
T ——— 7o
— STy

i - F [t =0.0155 Uald 00157

8 — ¢ 0. ' 0.0268 .75 v.o14d1

- . S sty P S e e T b T e Wl A il

10 E F T =0.0055 0. 77 0.0157
LI F K -0,0215 - ' Velde V.0140

1

1D, ERRNOR OF 0BS. OF UNIT wELGHT= 00,0182 /

AR AR P A AR AR A AN A X RN R AR N AR RN RN ANRRNRRENNKR R .

MOFFITT AND BOUEHARD (1975)

o, =+4+0003ft o;=+0.008ft vy = —0,004 ft
vy ==0005ft ©ve=-0.015ft o,,=-0.006ft
v3=—0018ft 0,=—0013ft o, =—0.021f
v, =—=0016ft 9, =4+00271t

For this level network, the standard error of unit weight is +0.018 ft. The
standard errer of the measured DE’s can then be found

oy =+002ft &5 =$0020ft sy = 10018 ft
gy =+0019ft ° o,=+0018ft &,=+0.0201t
Gy =2002Ift o;=£0021t oy =+0.028ft .
0o = £0019ft g =+00211t o : s

FfGrURE F.5: EXAMPLE #2
|




F.3 Example #3 - Horizontal Adjustment

A comparison was made between the program LSQADJ and the
published results of a horizontal adjustment by Moffitt and Bouchard,
1975. The example chosen was Example A,5, pp 797, loc cit, The
results of the adjustments from LSQADJ and Moffitt and Bouchard are
gifen in Figures F.6 and F.7. |

Figure F.6 illustrates the quadrilateral to be adjusted and
partial results of the adjustments, The results agree very closely,
but not exactly, i.e., the Y-coordinate of C disagrees by 0,03 ft.
This disagreement is due to the round-off error in the results of
Moffitt and Bouchard. The primary source is the conversion between
radians and seconds. Moffitt and Bouchard use 4.85 x 10-6 radians
per second, LSQADJ use a moré accurate value of 553%€ZT§T =
4.8481368 x 10°° radians per second. The point is that Moffitt and
Bouchard work with 8 significant figures and LSQADJ use 16 significant
figures. However, Moffitt and Bouchard are not consistent during
formation of the observation equations since the values of cosine are
expressed to 5 significant figures and the final cbservation eﬁuations
to 3 significant figures., A large amount of accuracy was also
undoubtedly lost in the inversion of the-A?PA matrix. This round-off
error could easily account for a slight disagreement in the eighth
significant figure. Figure F.7 shows that the agreement between the
residuals is almost exact, i.e., to within 0.16 seconds.

This comparison indicates that the horizontal portion of the
LSQADJ program works correctly. Any disagreement can only be due to

round off error in the adjustment by Moffitt and Bouchard.
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R
Quadrilateral to be adjusted by variation of coordinates.
1. 40°08 1797 2 44"' 49" 14.7°
3 s3*wunwar 4, 41° 51" 09.9°
5. 61929 343" 6. 23° 27 51.2"
7. 23°06° 37.3" 8. 71°55 490"
LSQADJ
FINAL
TSTATTIUF PRECIMINARY : , ADJUSTED
NAME X=CUORDINATE Y=COORUINATE X-=CDORDINATE Y=LOORDINATE
AEARER R R A ERARAE A TR RARATAARTARAARE R LR ARAN R AR AT ER AN AT R A ket R kw kR
-C ~ 530279.2400 q7835T1. 1200 530279, 1409 - T7B350.8570
R 186450, 00007 F57042.9400 a8sael, 0077 G377 0aS 9230

MOFFLTT IND-BUUCHARD (1975)

Approx X =530,279.24 Approx Yo =478,351.12°

-0.10 -0.30
Adjusted X = 530,279.14 Adjusted ¥, = 478,350.82
Approx X, = 486,460.00 Approx Y, =457,042.94
+1.00 +3.00
Adjusted X, = 486,461.00 Adjusted Yy = 457,045.94

FIGURE F.57 EXAMPLE #3 |
L_l_—l— 4—1
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LSQADJ
RESTDUAL.

ANGLLE FROW aLC=

Al a (T
NIMBER STATION STATIDN STATINN (SECONDS)
ARAF A ER R R AR R AR E R AR R R R E AR AR AR AR A kN kAR hkkich ki

I A , B C =003

A S A W we R w Al W R T Y D W S S T s SV S e el o el S e okl A S G S S

2 B R  J— =3.85

> -] [ K V.aY

4 . L A ] ~cea"

5 T ) R A 3.50

L2 L - Loy 3 L b X 1 2 T 3 L P 4 T R % 3 ¥ P b T 1 3 L Y X I L 2 1L F 4 X _F Q2 L ¥ F F 1 ¥ F T T 3 S L 1 3L 2 _ 3 L 1

s R ' ;] C =0.81

e S A e ol o W -—

- W G e A O W ol AR U W D A

1 R A o deai7

Y R D R W S P N T A S - A TP W D M W A G D e I R S S e U A e ey e e

H A L N Uelba

G D I e A T e e e Y Gl o N M W

i**;;******i**************t**#*t*t***t***************t*****

MOFFITT AND BOUCHARD (1975)

7, = —0.51" 75 = +3.44"
v; = 375 D= —0.64"
o3 = +037" Uy = +46T"
0, = 231" 7s = +0.69"

)

FIGURE F.7: EXAMPLE #3

l |



F.4 Example #4 - Error Ellipses

A comparison was made between the program LSQADJ and an
adjustment by the Horizontal Control Section, (1974). The example
chosen is Example #1, pp 5A, Standards for Cadastral Survefs, (loc cit).
The results of the Horizontal Control Section and LSQADJ are presented
in Figures F.8 and F.9, respectively.

Figure F.8 shows the 95% error ellipse calculated by the
Horizontal Control Section using an approximation technique. The
95% erfor'ellipse calculated by LSQADJ is éhéwn on Figure F.9. The
magnitude and orientation of the two error ellipses agree almost
exactly. Aﬁy disagreement is due to the fact that the Horizontal
.Control Section used an approximation technique.

The close agreement indicates that the program LSQADJ

calculates the error ellipses correctly with respect to both magnitude

and direction.
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(1974)

HORIZONTAL CONTROL SECTION
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LE #14

LSQADJ
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