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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, calculation 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 occurring from May, 1978 to

August, 1979. This observed movement agrees with the current retro­

gressive slide model. Vertical surface movement was as much as 30 mm

downward in the same time period. Slide blocks near the scarp exhibited

predominantly rotational movement whereas slide blocks near the toe

exhibited predominantly translational movement. This observed behavior

also agreed with the current retrogressive sli4e 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.

!"t!!'� 'I.urN'"" ..
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Surveying accuracies expressed in the form of 95 percent

error elliptical cYlinders were in the order of 7 mm horizontally

and 2 mm vertically at distances of 150 metres. This accuracy was

more than 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 investigations.
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CHAPTER I

INfRODUCTION

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
;.

I

surprise to the eyewi.tness , 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 pr�cise 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.

,..._..

I
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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 processes must be less than the smallest

significant movement."

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 ne tworks ,

1.3 Location

The study area is located near the confluence of Beaver Creek

with the South Saskatchewan 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.

"ffl,
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1. 4 Object

The principal objectives of this thesis were:

(i) to establish a survey network to monitor the three dimensional

surface movements of the retrogressive. landslides at Beaver

Creek as accurately as possible with the available equipment,

(ii) to develop a computer program to perform statistical survey

adjustments and thus determine the accuracy and reliability

of the results,

(iii) to determine the rates of the surface movements and compare

_. them with the current -re trogressdve slide model.

r
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CHAPTER II

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 syst emat Ic program

is essential, in which each of the several factors can be separated

from the total and an evaluation made of the part contributed by

each to the total. Measurements must be made from 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

i; 5::
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area and permanently mounted targets inside the study area. The

coordinates of the reference piers were established by precise hori-

zontal angle and distance measurements from a known baseline. The

coordinates of the targets were 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 offered a "convenient and reasonably

accurate means" of determining the structural deformation.

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 an 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 confidence in

the results.
,

The monumentation used in the study (described by Richardson

(1964)) had performed extremely well. The author states that the

procedures and montimentation 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

r

, i &S



7.

histories are briefly mentioned in which optical survey techniques

were used to reinforce the measurements taken by slope 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 em per year).

Wilson (1970) states: "Once 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 Dunnic1iff (1971) discussed the accuracy of field

deformation measurements. The authors define accuracy as "the

closeness of approach o� a measurement to the true value of the quantity

measured, 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 instruments which

can be removed at any time in order to check if they are operating

properly.

�e 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

__�""�""."2......r-----� ��-���-���====���=- __
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of a point at one given time.

Penman and Charles (1972) discussed the use of optical

survey techniques �o measure the movement points on the surface of an

embankment dam.· The authors emphasized the use of stable reference

piers fitted with for.ced centering baseplates for horizontal control.

The study utilized a Tellurometer MA-lOO, a Kern DKM-ZA one second

theodilte and a Wild N3 precise level •

. The movements were calculated by three independent methods:

3 dimensional trilateration, 2. dimensional trilateration and

3 dimensional triangulation. The three methods achieved differences

in calculated coordinates of the same. point of 5 nun horizontally and

10 mm vertically when compared. No discussion is presented with

respect to the degree of" confidence in the data or the statistical

prediction of accuracfes ,

Uotila (1973) emphasizes the use of statistical techniques'

in surveying. The author' clearly states: "when surveyors are called

upon. to be expert witnesses in court, they must be able to attest as

t� t��_integrity of" their- results. Statistics and least squares

adjustments' give data that. can be used to convey information to a third

party in a professi�nal manner."

Chrzanowski (1974) strongly suggests, the use of a statistical

analysis for a surveying network to lend credibility to those results.

The author-states that· errors' in surveying always arise and "these

errors shoul� 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 surveying projects are meaningless if'they are not

r
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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 ±O.3 mm to ±O.S mm" was obtained. The results were analyzed

using a least 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 ±O.S mm. No attempt was made at calculating the statistical

accuracies, the degree � confidence in the results, or determining

whether the movement measured was realistic.

Tice and Sams (1974) discussed their experiences with landslide

instrumentation in the southeastern United States. It was concluded

that surveying grids are an effective means of defining slide limits

and patterns of movement, measuring growth of tne 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.
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The authors- state that for maximum effectiveness the grid

should be established 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,· particularly. at a

given grid point, but a 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 subsurface movement is- a necessity for any landslide investigation.

McKenna and Roy (1975) used survey techniques as a part of

the total instrumentation to monitor the- movement of a highway embank-

ment built: of sof't. 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 errors in· the' surveying.

Thomson and Hayley (1975) used survey techniques t� 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. Horiz.ontaI displacements were stated to be
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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 river was essential for the simulation of a

retrogressive landslide. The author recommends "the installation of

precise surface surveys and monumentation" to determine whether 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
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ellipses in the order of 10 rom can be obtained using a Wild T-2

1 second theodolite and a laser AGA-76 Electronic Distance meter with

a stated accuracy of ±S 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 frame

of reference against which movements of the ground surface can be

compared.

The first requirement is a system of local bench marks that

will remain stable during the course of the investigation and as far

into the future as movements will be observed. The bench marks

. should be tied together by triangulation and precise leveling loops.

The continuing movement of a landslide can be measured by a system of

traverses or grids across the landslide area. The authors also

emphasize that the mathematical analysis of a landslide is based on

the field investigations and obviously can be no more accurate than

the data obtained from the field work.

Wilson and Mikkelson (1978) discussed field instrumentation

of landslides. Adequate planning is required before a specific land­

slide is instrumented. The steps are: (a) determine what types of

measurements are required, (b) select the specific types of instruments

best suited to make the required measurements, (c) 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 distribution 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 remote monitoring technique such as triangulation should

be used. Triangulation requires precise measurement of base distances

and angles from good reference monuments. The authors state that

accuracies from ±O.6 mm to ±l2 mm are attainable with precise

triangulation and.±O.6.mm to ±12 mm with precise leveling.

In the·monumen�ation of a landslide it is imperative to

establish� beyond a reasonable doubt, the magnitude of the movements

taking place. Only then can a definite observation be made and a

reasonable analysis performed. The retrogressive slides at Beaver

Creek are Ldea.L: for this type. of investigation ..
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CHAPTER III

THEORY OF STATlSTICAL-GEODETIC ANALYSIS

3.1 Introduction

The·remote observation and systematic monitoring of spatial

deformations by geodetic methods involves the measurement of horizontal

and vertical theodolite angles and of distances to a series of light

reflecting targets. These mixed angle and range observations are

. usually processed on a computer, by well established statistical­

geodetic methods (Chrzanowski, 1974). This provides not only the most

probable absolute and instantaneous three dimensional positions of

the target pOints, bu� 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 •. Th�measurement of' any quantity' can only be made to a certain

degree of" accuracy" which: is' governed by the instruments used, the

external conditions and the individual who makes' the observation. Hence,

it follows that no matter how good 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. occur in practice; they may be roughly divided into

four categories (Hirvonen., 1971).:-
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(1) blunders

(2) constant errors

·(3) systematic errors

(4) accidental or random errors.

Blunders or mistakes are a definite misreading of whatever

scale 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 �lso be ch�cked .for by. providing. extra degrees

of freedom. In the case of calculating X-Y 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 yields a wrong answer' for the coordinates,

but- there is no way to check itw 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 coordinates) from the' knowns (e.g., angle and side

measurements). If the two answers did not agree, then a 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 circumstances. If a

temperature correction is· neglected in traverse work a systematic error

is introduced. Most EDM equipment requir�that a temperature correction

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 fallibility 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 or nega­

tive and follow a normal distribution (Rains ford , 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-produce unique values for the unknown,

(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 ap�x in a triangle are to be determined

knowing the base line distance, two inte�ior angles and one side. There

is one degree of.freedom, henc�, two unique answ�rs can be cal�u1ated.

using various combinations of angle and side relationships. Using a

least square adjustment, only one unique answer results and it is the

most probable answer.

$.3.1 Application of Least Squares Theory

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

The residual v can then be· defined as:

v. =- x - x.'
1.. l..

(1)

On-the assumption that-the mean is the- best value for a set of observa-

tions" it can then be shown that:

[vv], = minimum (2)

The square' brackets 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,

v.=x.-x.
1; 1.

(1)

IP



18 •

•

• ..

vI
= x -

Xl

v = X -

x2.2

•

•

v = x - x (3)
n n

Equations (3) are called. observation equations. The residuals,

v.,. are expressed as functions of the measurements themselves, X., and
� . �

the mean x. The. condition of least squares is applied by differentiating

with �e�pect to the mean and setting the result equal to zero .

.... d[vv].
=

dx
X - x + x - x +

1
.

2 '
X - X

n

(4)

Equation (4) is known as 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 [vvI with respect to each parameter on the right hand

side of tha observation equations and setting equal to zero. These are

solved simultaneously in order to arrive at the best set of parameters

that. will make Ivvl a ,minimum.. However, certain systematic procedures

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

3'.3.2. Direct and Indirect' Observations

The least squares condition can be applied to a set .of measure-

ments by twa 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. ISO degrees. The

second method is the method of indirect observations. This might be a

case in which the coordinates of a point are not measured directly,

but are functions of observed angles and distances.

In general, the method of condition equations 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

observation� wi11.be used& This method is called variation of

coordinates or' variation of parameters�

3.4 Formulation of Observation Equations

3'.4. L Variation of Coordinates for X-Y Coordinate Systems

In' the adjustment of a triangulation (or trilateration) network

by observation equations,. a set of approximate X and Y coordinates is

first computed for each'new station. These approximate coordinates are

then allowed to vary bT small amounts, � and �YJ in such a way that the

computed values of the �'s and �Y's make the weighted sum of the squares

of" the corrections, to the measurements a minimum. (The concept of

weighting will be-discussed later).·

Each measured, angle- in-a triangulation'net involves three

points' in the' nee.. These' are the 'at' station designated A, the 'from'

station designated. F', and the 'to' station designated T (see Figure 3.1).

The form of the observation equation that expresses the correction "v"

to a measured angle as a function of the variations � and �Y of the

triangulation stations can be developed in a number of different ways.
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The development presented here Ls t.rLgnomet.r-i.c in nature, (Moffitt

and Bouchard, 1975).

The angleLFAT in Figure 3.1 is equal to the azimuth of the

line AT minus the azimuth of the line AP.

Stated as an observation equation,

,L FAT + vA =aAT -'(lAF (5)

where:

L FAT is the measured angle at A from F to T. (clockwise)

vA = correction to the angle at A. (residual)

CI.
AF

= adjusted azimuth of AF.

ClAT : adjusted azimuth of AT.

'The adjusted azimuths are obtained by applying corrections

�AF and �AT to preliminary azimuths obtained from the approximate

coordinates of the stations.

Thus:.

(6)

and (5) can be written,

VA =l!D.AT·- .1'llAF +-. [ct�T - ct:U: - LFAT]
e.

e- -

VA; :-- .1llAT - llaAF + KA (7)

where-

, KA:-· [(l�T' - a.:U: - L FAT] =. (calculated) - (observed) (7.1)

Expressions for aaAT and aaAF can be developed geometrically

from Figure 3.2 and Figure 3.3.

From Figure 3.2, the small distance PA between the preliminary

line A' F' and the finalline AF is expressed as:
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, ,

PA
= �YA sin (lAP

- �XA cos (lAP (8)

and the small distance PF at �he other end of the line is

, ' ,

'PF
= �YF sin (lAP - �XF cos (lAP (9)

If the line AP is imagined to be moved parallel with itself to

make A coincide with A'� the results are ,shown in Figure 3.3. Thus the

small angle �(lAF can be expressed as:

p - pA F

�(lAF =

AF arc 1" (10)

Letting

p :; a:rC111t = 206264.8 seconds/radian

(11)

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

(12)

By- the same geometrical analysis an expression for �(lAT can be

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

" -p cos (lAT P sin (lAT
ar,.AT =

AT �XA +
AT /).YA

, ,

p cos CLAT p sin (lAT
+-

AT .�.- I::.YT (13)

�
I
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The observation equation for angle FAT is obtained in its

final form by substituting the value of ��AF from equation (12) and

�aAT from equation (13) into equation (7), giving

,

P cos aAF
�X

AF F

+

P sin aAF P cos �
T

P sin a
T

fly A_ "X A_ fly
AF

�
F

-

AT
�

A
+

AT
�

A

P sin �AT P cos �AT
+

AT AYA +

AT A� -

(14)

By applying'the'same"principles";'an observat i.on equation can

be found for distance measurements:

,

vA = - sin aAT AXA - cos aAT AYA + sin�AT A�

(IS)

Each independent measured angle or side will introduce an

observation equation of the form given by equations (14) and (15). 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·- �·Co6rdinate·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, �z, in such a way that the computed values of

the �zrs 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, �z, of the stations can be developed using a trigno­

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

equation:

.

DEpT + VpT == Adj. elev. T - Adj. elev. F (16)

where

DEFT = observed difference in elevation from F to T.

VFT = correction to DEpT·

The adjusted elevations are obtained by applying corrections,

�z, to the preliminary elevations. Thus:

Adj. elev. P = Preliminary elev. P + �Zp

Adj. elev. T = Preliminary elev. T + �ZT

Equation (16) can now be rewritten

VFT = (Prelim. elev.
T

+ �ZT) � (Prelim. elev. F + �ZF)

- DEFT
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or (17)

where

�T'= Prelim. elev.'T - Prelim. elev. P - DEpT (18)

Each independen� 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

�z will be zero.

3.5 Weights

The weight of a measurement can be thought of as the value or

worth of that measurement relative to any other measurement. By

defdrri tdon ; the weight "p" is" taken to be inversely proportional to the

• 2'
var1ance,_ a ,

2�
P = sr«: (19)

where a is the'standard, deviation (or standard error) of the respective

measurement and K is· any convenient constant. a can be 1) approximated,

(Le., 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:'

- ·2.
Ux. - x,']')

1

n _. 1
(20)

In an actual network, a for angles is expressed in seconds and

a for sides in ppm (parts per Million). To ensure compatability between

the two different units, a special relationship is required. Pigure 3.5

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

s � r6; let 6 equal 1 second expressed in radians.

,."' -e "_ ... _,.._,,....
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. .
1"

.

1f -6
s = r(60 x 60

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,. OMcLellan� Peterson and Katinas, 1970):

P =. (K/a)2; a in seconds
a (21)

and for sides

P :. (4.848 K/a) 2; a in ppms
(22)

For measurements in which a
-

is calculated from equation (2),'

K equals 1. For measurements In .which a is estima�ed,·K·has to be. deter-

mined by' the surveyor. For example, if a network consists of 2 angles,

one measured 2 times and the other measured 4 times (i. e. both with the

same instrument),.K would be Z and 4 respectively. If such a clear cut

relationship does not exi.st ; 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:

where:'

aL, = standard deviation of observed difference' in elevation.

IfaL cannot be determined, an estimate such as:

PL. =. 1/" of' setups'

orPL =- l/distance between stations

can be used.

(23)

The weights for direction measurements are much more complex

and will be discussed laterr

�
I
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3.6 Matrix Methods

For a complex network, the large number of simultaneous

equations .that have to be solved are best handled. in a systematic manner

with matrices.

The observation equations (14).and (15) can be written in

matrix form as,

V=AX+K (24)

The least· squares condition from equation (2) can also be

shown to apply if. the weighting system of'section 3.5 is considered.

Thus,

[pvv1· = minimum

or- in matrix form

,1. . .

V PV :' ml.nllllUlIl (25)

By substituting:. for- V from equation (24) into equation (25),

differentiating,. and setting: equal to zero,

(26)

The'values of X ar� the- corrections ax and �y to the preliminary

coordinates" rbe- A matrix: is, the matrix of coefficients from the' elements

of' the. observation 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

n x m, P will be of the order n x n, K is a column matrix n x 1 and

X is a column matrix m x 1.
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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:

around this point. In this way we have a rough illustration about the

two dimensional dispersion of the possible locations for our point.
�

In a mathematical idealization, however, the rectangle is

replaced by an ellipse to which the sides of the rect�ngle are tangents.

In fact, there are several possible ellipses inside such a rectangle,

each having different d�rections as main axes.

To find the error ellipse which is a maximum, the basics of

error propagation can be used.

Let x,y be a two dimensional stochastic variable and u=f(x,y)

a mathematical function;representing a one dimensional variable:

From the basic principle of error propagation we can write,

(Hirvonen, 1971):

<5 = e: au
+ €:

au
u x ax Yay

(27)

where

QU = errors of u

and €: = errors of x and y (i.e. €:.=x.�x)
1 1
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Squaring equation (27) yields:

2
OU.

1
(au )

2
2

. au' au
=e: e: - + €. € _

x. x. ax. x. x. ax. cy.111 1111

+ (au )
2

€y. e:y. -�-
1 1 OYi

(28)

Also by definition:

e: e:
2

1. [x x]a = 1m'
x n'

n-+oo

2 [e: e:
]a = lim y y

y n

n-+oo

where

2
a = variance

e: e:

and axy
= lim [ � y]

n -+ 00

where axy = covariance.

If equation (28) is �ummed from i=l to n, and substituting for

the variance and covariance:

(29)

Equation (29) is referred to as the error propagation equation.

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 = x cos t + Y sin. t

v = y cos t + x sin t

(30)

(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

lr

�\ 1..............;, __1 _
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2 2 2 2 2
+ 2o:xy sin 1; cos t(J. = Ox cos t + ay sin t

u

recalling

sin2t = 2sint cos� 2cos2t = cos2t .,. s�n t
1 = cos2t + sin2t

2 2 2 2 . 2
+ 0xy sin2ta = ax cos t + ° s�n t

u y

o 2= o 2
x +L=

-2- (1 + cos2t) 2 (1 - cos2t) + 0xy sin2t

• 212 212 2
•• (ju =

2" (ox + 0y) +
2' (ax - 0y )cos2t + 0xy:sin2t (32)

The maximum a
2

occurs when the first derivative equals zero. Thus,

20'
2

JJ
=

�
1 2 2

(2") (a x O'y ) (2) ( .. sin2t) + 20 xycos2t = 0

. .

2a cos2t = (a
2

- a' ,2)sin2t
xy x y

2cr
=

xy

(
,2 2)a -(j
x y

sin2t
cos2t (33)

. .

tan2t =

By definition

tan2t = r. =

x

20
rr

2
+ Y =

Therefore
20

sin2t =
y = �
r r

(34)

cos2t
0202

x ':(_..x .. ,y 1
=-=

r r
(35)
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Substituting (34) ·and (35) into (32) yields

1.0"20"20"20"2
= 1 (0 2+0 2) + _2 (,x - y ) ( x - y )

2 x Y r
+

20" 20"
xy xy
r

and substituting for r

1
+-

2
(0" 2 0" 2) 2 40" 2

x - y + xy

j 2 2 2 2
(0 -0 ) + 40

x y xy

2 1 2 2j 222 2
au·' = - (0 +0: + (0 -0 ) + 40xy.2 x Y x y

) (36)

and similarly

1 22) 222 2
= - (0 +<1.". - (0: -0 ) + 40 )2 x 1 X Y xy

(37)

where

au = semi major axis

OV = semi minor axis

t = orientation of major axis

Equations (33)., (36) and (37) can be used to find the maximum

error ellipse relative to fixed points in the net. The error ellipse

relative to a fixed (i. e., errorless) point is called an absolute error

ellipse. Error ellipses between any two points in the net are called

relative error ellipses because the standard deviations of both stations

are considered in the calculations.

"
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,for absolute error ellipses, relative to fixed points in

20
xyTan 2t = ----

2 2

0y
- cr

·x

(33)

2
1 2 2 )ea2 _ (2)2 2

cr :: - [o + cr + + 40 ] (36)
max 2 x y , y x xy

2. 122 )e02 2 2 4a2 ] (37)CJ •
= - [0 +- a - _ 0) +

.m].IJ· 2, .

x .. ,y y .
.

x xy

and for relative error ellipses, between any two points in the net:

where

2CJ

Tan 2t =- l1_X�_Y__

a�y�y
- a/)"X!:.X

(38)

Z 1 }a�YIJ.Y 2 2
] (39)a =.

'2 [d/)"Xll. +- a.t::.y�y +- _ a.
/)" X/)"X) +·4a/)"X/)"Ymax

jeadYAy2- 1 2 2
(40)a .

=-

'2 [(j�X�X + a�y/)"y _.

_

P /)"XIJ.X) +. 4a/)"X/)"Y]nm

cr- =- a' -- 2a +- cr
AX�X x.x. x.x , x.x ...

J J 1. J 1. 1.

a .

=- cr - 20 + a
AY�Y y.y. y.y. y.y.

JJ 1.1. 1.1..

+ a
x.y.

1. 1.



38.

The probabt Idty 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 C

25% 0.76
39% 1.00
50% 1.18
75% 1.66

'90% 2.15
95% 2.45
99% 3.03

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

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

a =. a .•

max. ml.n

When the· third. dimension (Le., 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

mdependent; from the determination of the X and Y coordinates.. If

the', X-Y-Z: cocrdtnat.es. are interdependent (e.g., elevation determined

by vertical angle measurement) the. resultant volume would be an error

ellipsoid. This· thesis will deal_ with the mathematics of the error

elliptical cylinder.

The specifications put forth by the Horizontal Control

Section are based on the 95% error ellipse. The two dimensional error

-,l _
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ellipse for 95% probability is obtained by multiplying the major and

minor axes by 2.45 (see Table 3.1). To obtain the 95% probability

interval for the Z-coordinates, we multiply 0'
z

by 1. 96 (Aguilar, 1973).

This results in an error elliptical cylinder for 95% probability as

shown in Figure 3.8.

Of interest at this point is the resultant matrix (ATpA)-l
from equation (Z6). This resultant matrix is known as the weight

coefficient matrix:

-

Z.
QXlYl QX1XZ QXlY2QX1' . . .

..

QXIYl
Z

QYlX2 QYlY2
(ATpA) -1.

=

QY1
2

QXlXZ QY1X2 QX2 QX2Y2

QY1Y2 QX2YZ
2

QXIY2' QyZ

Hirvonen,. 1971,. has shown that. the variance-covariance matrix can be

found by multiplying the weight· coefficient matrix by the variance of

unit weight, 0'2:
o

\
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2
O'XlX2 O'XlY2aX! O'XlYl

2
aYlX2 O'YlY2O'XlYl O'Yl

0'2 (ATpA)-1 = 20

O'X2X1 aX2Y1 aX2 aX2Y2
2

O'Y2Xl O'Y2Yl O'Y2X2 O'Y2

where

a2 =
VTPV

= [PW]
o n-u n-u

and n = It of observations'
u = It of unknowns

hence n-u = degrees of freedom.

The standard error of unit weight,., 0'0, is simply the standard error of

an observation rhat has a weight of unity (i. e., one) .

The diagonal elements of the matrix are the variances,0'2,
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; (31) or- (38)" (39) and, (40).,

By' examining CArpAl-I,. it can be- seen that the error ellipse

depends on: the A matrix and P' matrix on ly.. Thus approximate error

ellipses for a station' can be found by using approximate values for

coordinates, and reasonable estimates of the standard errors for the

measurements, OMcLennan, Peterson and Katinas, 1970).
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3.8 Centering Error

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 ±O.S rnm/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

e�ror is to increase the standard deviation of an observed angle,

direction or side measurement.

The relationship between the actual standard deviation and

the additional effect due to centering error can be derived from the

equation of error propagation:

0'
2

= (au) 20 2
+ (au) 20, 2

+ (au, (dU)u dX x ay y ax) ay O'xy (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:

where aAT = azimuth of line AT

andaAF = azimuth of line AF

By definition:

-1
X - XAa. = tan (

F
Y )AF Y -

F A

and
XT XAa. -1

= tan (y - y )AT
T A
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where X and Yare the horizontal cartesian coordinates of A, F and T.

Substituting:

(41)

Applying the error propagation equation to equation (41) yields:

(42)

where ae = standard deviation due to centering error

e

aX = standard deviation of centering error

F

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

each station:

. .

aX = ay =

aF
F F

aX
= a } = aTy.

T ·T

aX = ay = aA
A A

Using the chain rule for differentiation and various

trignometric identities, it can be shown that:

2 2 2 2 2a 2
2 aF + aA aT + aA A

eaee = +

AT2
-

ATAF
cos

:2
AF

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

angles:

I'
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where a = 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

2

., 2 Z 2
a = a + aDo, (Xc

2 2
aF +fIA

AF2 .

(43)

where. = �tandard deviation due to centering error

aD = original standard deviation of direction

a = standard. deviation of direction corrected for
u,

centering error

and for sfdes
2. 2. 2:

as':. - aAF' + a
L. (44)

where
2' 2. 2.:

d d d
. .

d
.

aAF = aF + aA, =- stan ar eV1at10n ue to center1ng error

at. =o�iginaI standard deviation. of side

CTS =: standard. deviation of' side corrected for centering

error

Th� effects of centering error' affect only the weights, thus

the size of the error ellipses will increase. Stations with large

centering errors will therefore playa less important role in the

adjustnerrt ,
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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 a priori covariance matrices for'

a set of directions [0] and their corresponding angles [A], then

[A] = [R][D]

and

In terms of weights:

where
K

P=-
S

a

[Pa] = K[S�]-l
[Pa] = ([R][Pd]-l[R]T)-l

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

[R]

=

o 0 -1 1[R][Pd]-l[R]T
o -1 1 0

-1 1 0 0

Pa = inverse of

1 1
(Pl)+(P2)

1

Pa =·.([R][Pd]-l[R]T)-l= -(P2)
o

--�' ........ :
--

-'"

'11
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where PI, P2, P3 and P4 are weights of the independent directions.

[Pal then is the weight matrix'developed for the 3 angle equations.

3.10 Reliability of Results

Since the statistical accuracy of the results depends only on

the geometry and standard deviations, it is independent of the actual

measurements. Thus, some way of checking the reliability of the

results is required. This is accomplished by checking the magnitude

of the residuals after the adjustment calculations_

During the adjustmerrt , a unique set of coordinates is calculated

for'each station in'the network. Based on these unique coordinates,

calculated values can be obtained for all angles and sides in the

network� These, calculated values are the· values the angles and sides

have to take in order to yield the most- probab le c.oordinates. 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' delete<i unless 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 Pl"Ogram

A computer' program to perform least squares survey adjustments

was developed by Chursinoff (1978J .. The program was called LSQADJ,
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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. Observations are assumed to be reduced to a cartesian X-Y

coordinate system for horizontal networks o� 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

all points. The solution will pass several times, if necessary, to

obtain better preliminary values for the final solution. The criterion

is 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.
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LSQADJ allows' for centering error corrections, relative

weighting factors, calculates 'error ellipses at any desired station,

calculates the final residuals, checks reliability of the final results

and can, print out any desired, matrix on' request.' A brief flow chart

of the progr� is presented in. Figure 3.10. ,A complete listing of

the program wi,II be publishe� in the CD ,Transportation and Geotechnical

Group series at the, University of Saskatchewan in early 1980.

The reliability 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).,· .Any discrepancy is most probably due to

the fact that LSQADJ uses Fortran IV Double Precision (16 significant

figures) and a minimum of'two passes in its solution. The majority

of'published adjustments. have used. only' one pass at solution and from

3 to l' significant figures in. the calculations. This is especially

critical in'the, inversion of the ATpA matrix.

Obviously th�,test of a program's reliability can be made by

examining the final answers., In all adjustments performed in this

report: and outside of it" the' author' is. convinced that the program

LSQADJ does. not have any' apparent. or'significant. malfunctions.
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CHAPTER IV

MEASUREMENT OF SPATIAL DEFORMATIONS BY GEODETIC METHODS

4.1 Introduction

The monumentation of a retrogressive landslide using precise

survey techniques involves a combination of the principles of

surveying and geotechnical engineering.. A proper- approach to the

problem requires a thorough analysis of the requirements of

i�strumentation in g�technical engineering and an in depth under­

standing of state-of-the-art statistical-geodetic techniques. Once

a sound basis has been es tabtd.shed , the problem can be treated in

an ordinary engineering nanner ;

4.2. Principles of Measurement

The, systematic. monitoring of three dimensional deformations

of" a retrogressive-landslide-by geodetic methods is a measurement

process. Thus, we- must consider the fundamental attributes of a­

measuring. system,. (Arthur,. 1973) __ They are:

(1) The-variable$ to be-measured�

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

(3) Robustness:. the intrinsic-- ability to survive in its chosen

environment, 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 consistently detect.

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

.

complete a single reading of the variable or a set of variables.

E2
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(6) Range r . 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 variable by the given instrument will lie

in relation. to the actual value of the variable.

(8) Environmental Calibration: the relationship between the

actual measurement and the ideal measurement .. The ideal measurement

is the value the measured variable would have had if the presence of

the instrument would· have been miraculously avoided.

(9) Accuracy: the tolerance within which any measurement of

the variable by.the given instrument. will lie in relation to the ideal

measurement •

. (10) Data Reliability:. this, comprises the accuracy under normal

working' conditions� together· with the· ability to check for erroneous

readings.

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

a reading of the variable.' passes before it is read by a responsible

person capable of interpreting� the meaning of the data.

The.' significance of each principle' can now be assessed with

respect to' the'monumentation. of a retrogressive landslide using precise

surveying. teclmiques_

4.2.1 Variables

The variables to be determined in the monitoring of spatial

deformations of a landslide are the instantaneous three dimensional

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

"\
\�------------------------------------------------
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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

surveTtechniques. High quality theodolites are available that can

read-angles manually and electronically. Distances are measured

with modern EDM (electronic distance meter) equipment, which utilize

infrared light and special light reflecting targets. Differences in

elevation are measured using optical leveling techniques.

The physical process' of angle, distance, and elevation

.

measurement is performed by a .. surveyor � This adds human error into the

measurement process. Since we- are dealing with optical survey'

techntques'; errors due to atmospheric' conditions, pointing and set up

will also. cccur , These add. unknown and. unmeasurable variables to the

system •.

4.2'.. 3:· Robustness'·

The: quality of the- measurement process is significantly

affected.bT the quality of' the monumentation ... Monumentation refers

to the nonumerrts. or markers that are placed in. the slide and observed

for' movement. In a retrogressive slide, monuments must be installed

such that they will reflect the actual surface movement of the slide.

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

withstand environmental changes.
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A permanent fixed frame of reference is also required. This

is termed "control" and can. be established by. installing geodetic bench

'marks far removed from the study area. If the reference points move,

the detected movements of. the monuments in the slide will not be the

true surface,movement.

4.2.4 Sensitivity

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' miscellaneous errors in the system due to misreading

the instrument". pointing,. set up, temperature variation and other

unmeasurable or unknown, sources .. The level of noise is called

"sensitivity" and. is 'determined from the error ellipses' calculated

after' a least. squares. survey adjustment.

4.2.S: Response time

The- measurement· of a set of' angles, distances or elevations

may take anywhere from a. few minutes to a few- hours � depending on the

equipment and. field- conddtdcns, Since' most retrogressive landslides

are not instantaneous r- it Ls., safe: to assume that no dd.scernab Ie move­

ment will take" place during: the measur-ing .. process ..

4-•. 2.6- Range-'

Surveying equipment is not significantly limited in the

maximum value that can be read. Alltheodolites can measure angles from

o to 360 degrees� and ROM equipment can accurately measure distances

from 4- metres to I kilometer or more.



56.

4.2.7 Stability

The variation with t�me of a surveying instrument is

significant in the short term. 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

minutes apart may be slightly different. The effects ultimately affect

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

4.2.8 Environmental Calibration

The presence of a monument should certainly not affect the

movement of the landslide.- 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 difficulty in

establishing, the' amount of: true surface movement.

4.2'.9 Accuracy

The, accuracy of the measurement will determine the sensitivity

as defdned, earlier. The accuracy' is, comprised, of how accurate an instru­

ment- can' be read and, how, accurate a person can consistently read it.

All, surveying_measurements-should'be·repeated and the'standard deviations

of the measurements· determined. The standard, deviation of a measurement

is. essential in' performing- iJ:' least: square survey adjustment.

4.2.10 Data 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

•
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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 landslide.as measured with optical survey

techniques is three dimensional surface movement only. Thus the

analysis of the results must be realistic. Only the surface kinematics

of the slide are known (i.e.� direction and rate of movement). Enough

data must be available to establish a. definite pattern of movement.

This movement can then be checked against a model of a retrogressive

Iandsf Ide , .. 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 p-rocess into.· two broad. areas:.

i) obtaining data in the: field and,

ii) reducing and analyzing the data.

The task of' obtaining the data .. in the field, the' selection of monument a­

tion,.. etc.,. varies from project. to project. However, the task of

reducing: and. analyzing .. the- data .r is, the same. The process can be

confUsing and. complex' unless· handled in a systematic and comprehensive

manner- with' the aid of: a computer' program ..

4.J Pre-analysis

Before any attempt is made to set up a network to measure

slide movement, it is necessary to establish the limit of accuracy

attainable based on. the equipment available and the various field

•
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procedures employed.· ?re:-ana1ysis .is·necessary to establish how small

a movement can be detected. This will determine the type of network to

select, the type of monumentation required, and the sensitivity of the

results to be expected.

4.3.1 Eguipment 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 specifications put forth by the Horizontal Control Section of
-

•

I'

the Geodetic ,Survey of Canada, the standard deviation of a set of six

independent pointings can be taken to be 1. 2 seconds, (Figure 4.1).

(2) MA-100 Tellurometer: an electronic distance meter which is

capable of measuring: distances up to two kilometers within an established

accuracy of 1.5 ma, (Figure 4.2) e-

(3) Sokkisha targets wit� optical plummets: the stated accuracy

in setting up. over- a; point. is< 0.5 mm/m,. (Figure 4.3).

(4) Wild. NA-2. Automatic: Level: a precise level equipped with a

parallel plate· micrometer and. an- invar·rod� The accuracy is stated as

0.5. mm/Ion, (Figure· 4.4)_

4.3.2" Pre-analysis of: Error-Ellipses

Using: the a.. priori standard deviations, a number 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

simulation mode.. The �esults show that for distances under 250 metres

mixed observations (e.g.,two anglas and two sides measured) resulted

in the smallest error ellipses� Pure triangulation (i.e., angle

E.Z
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measurement only) resulted in justr slightly larger error ellipses.

Purejrrd Iate'ratdon (Le ..7side measurements only) resulted in a constant

sized error ellipse which was: larger than the ones for pure triangula­

tion at distances less than 250 metres. .The results are shown graphically

in Figure 4.6 •. The results agree very well with the work by Wolf and

Johnson (1974).

The pre-analysis results showed that pure triangulation

provided better sensitivity'at close range than pure trilateration.

This suggested that no distance measurements other than 'base line

calibration are necessary at less thaa 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 developed in Chapter III

dealt with' the- plane surveying case , No attempt was made to expand the

theory to encompass geodetic, surveyfng (i. e. 7 accounting for the curvature

of the. earth). It is. necessary now to' establish at what point the

curvature of the' earth, becomes significant.

Since. the- earth is approximately spherical in shape 7 any

triangIe described. on. its� surface will be a spherical triangle •. , Moffit

and Bouchard (1975) J" calculated. the' amount; of spherical excess (i. e.' ,

the" aaourrc by which the-.sum of the:' three, interior angles of a triangle

will be greater than 180 degrees) as 1 second per 200 square kilometers.

This means that a triangle. must be: ZOO square kilometers in area in

order to introduce a spherical, excess correction of 1 second. The

area of any triangle useddn monitoring the landslides at Beaver Creek

will. be much less than 1 square kilome'ter-. Hence any error due to

...

1'__"" ,
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spherical excess will be less than 1/200 of a second, i.e., negligible.

It is also necessary to determine if-aU coordinates should

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

to sea level. can be. given by' the equation (Moffit and Bouchard, 1975):
-7

C = C- .

= -1.57 x 10 hR-
-, SL sea -level (metres) h

where h = elevation above sea level

!h = length of line at elevation h

The sea level distance is then:

If the difference in elevation between two points in the

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

will. introduce, an. error of:.

, -7
CSL. = -1.57 x 10 (20)1. = 3 ppm of 1..

For a 300 metre' distance this is an error- of 0.9 nun. This error will

not occur in this,. study if' pure, triangulation (L. e., horizontal angle

measurement and base line calibration) is used. As a- result,. all

coordinates calculated will be with respect to the geodetic elevation

of the basel.Ine., If distance: measurements were employed, it would be

necessarync.. 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- can occur before it can be consistently detected? For

example,. in Pigure·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 approximately 3 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 �mm_

Quan- (1978)" has: performed field tests to establish a statistical

test to determine· confidences levels in movement. The surveying equip­

ment consisted. of a Wild T:'3' Theodolite,. MA-IOO Te Llurometer- 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 the:' apex. The- target' was then moved distances of 2. mm,

5' mm, and. 10 mm with· the resp�ctive measurements being taken' each time.

The results' show that a movement· of' � 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 deviations, but the
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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:

2 2

(Xl - X ) - Z
°1 °2
-- + < ul

-

u22 a. nl n2"2

J 0/
+

2
c

< Xl - X ) + Z
2

2 a. nl n2"2 (46)

where Xl and X2 are the means of independent random samples of size n,

2 2
and n2 from popul�tions with known variances 01 and 02 . Z is the

a.

"2
a.

value of the standard normal curve leaving an area of "2
to the right.

This test applies to large samples (e.g., n � 30) which are normally

distributed. Since the standard deviations calculated in surveying

are based on small samples (e. g., n � 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:

where
2 2

Sx2 nlSxl + n2Sx2
=

nl + "z
..

Sx1,Sx2 = calculated standard deviations·in the X direction

nl,n2
= degress of freedom

(47)
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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 Xl and X2
(i. e'., XI-X2=O). If the value of t calculated is greater than the

value of t from the ,tables at a given level of significance, then the

Null hypothesis is not satisfied and the difference, XI-X2, 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 circular and

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

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

t
�X

2 2

nloA + n20AI
nl + n2

(48)

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

4 degrees of freedom: t=2.132 (Walpole and Myers;' 1972) .

p=p
·il....._.._(__

EX

_� _

. . t=2.132 /:,.X

(49)
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If we substitute.the values for the 95% error el1ipse� where

a95% = 1.6lcr68% (Table 3.1):

This indicates that movement is significant 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

the 95% error ellipses are approximately 1.5 mm using pure triangulation·

over a 100 metre distance. This would indicate that movement of 3 mm

could. be detected at the 95% confidence level. This agrees exactly

with results by Quan (lac cit) � where it was determined experimentally

that 3 mm of' movement could be- detected at the 95% confidence level

over' a distance of" 100 met.res ; usd.ng; the same avai lab 1 e equipment.

The' limit of accuracy (i.e • .t- 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 provided at: each point •.. To achieve this accuracy in. the

monumentation of the' landslides· at: Beaver Creek� it became apparent

that. special monuments" techniques .p-, and. procedures. were required .

.l...______
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CHAPTER V

MONUMENTATION OF LANDSLIDES AT BEAVER CREEK

5.1" Introduction

Optical surveying techniques were used to monitpr the

surface movement of' a retrogressive landslide. 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

Th� 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-analysis_ Th�pre-analysis determined that 95 percent error

ellipses in' the: order; of 3: mm. at- 100' metres could be obtained using

the, equipment' avat.Iabfe- at the University' of Saskatchewan, Saskatoon,

Sask.. It also' showed: that'" at- distances of less, than 250 metres pure

triangulation' provided error ellipses. of: smaller magnitude than those

obtained with pure trilateration�

5.2.1 Configuration

Once it had been established that pure triangulation was

the best attematdve , the'layout of the monuments was selected

accorddng.ly..
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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 cont�ol
would be established by installing geodetic vertical control bench

marks far removed from the study area.

5.2.2 Procedures

The origin of coordinates is fixed by the INNER monuments.

The SCARP monuments are referenced to this coordinate system by a

triangulation network consisting of the INNER. and SCARP monuments

(Figure 5.1). The coordinates of the monuments in the slide are

determined by reading angles to the SLIDE monuments from the SCARP

monuments. The coordinates of the SLIDE monuments are calculated with

respect to the INNER monuments. Thus, any movement of the SCARP

monuments will not affect the final coordinates of the SLIDE monuments.

The derivation of the statistical test to determine confidence

intervals in movement presented earlier was based on the assumption

that two degrees of freedom were provided at the station in question.

To accomplish the objective of measuring the smallest movement possible,

it was necessary to provide at least two degrees of 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 results.
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5.2.3 Monument Location

Once the configuration was established, it was necessary to

establish the exact locations of the monuments in the field.

The location of the INNER monuments was chosen to be in a

. relatively flat area back of the scarp, where it was believed that

slide movement would have no effect for many years.

The selection of' the "Iocation of the SCARP and SLIDE monu-

ments was more difficult_ The site 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 locations on 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- Monument TyPes

It was establishe�during the pre-analysis that 95 percent

error ellipses in the- order' of 3 mm were attainable. Since this

Ls- so small, the- type of monumentation had to be selected to ensure

that other errors did. not jeopardise this accuracy �

It was', decided to use' concrete monuments with forced

centering baseplates· for the' INNER: and SCARP monuments. The concrete

monuments are 12. feet in len&th 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: � ',UP TO. mE. SCARP:'
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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 measur.ement ·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-IOO 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,

minimizing 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-IOO· Tellurometer has been calibrated on a yearly

basis using a baseline established in Saskatoon by the Geodetic

Survey of Canada ..

• 2
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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 during successive measurements. 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 monumentsr 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 O.S mm/lOO metres) which is the most precise optical plummet

available today (Figure S.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

involved 3 individual pointings in a circle right position and 3

individual pointings in a circle left position.

-\�
.�.nt� �� � __
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The procedure involved setting up the targets in groups

of four in the slide 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 measurement 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 concrete 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 Horizont�l 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 S.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 rnrn 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 took place in November,. 1977 and consisted of horizontal angle

measurements to the SLIDE monuments and assorted distance ,measure-
, .

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 sheets 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.

l •
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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 monuments 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 horizontal angle measurements of the current �urvey with

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 •.

s. Using a statistical test to find the confidence· regions 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=lOO.OOOO metres; Y=lOO.OOOO metres. The baseiine was also assumed

to be the X-axis.. This baseline is roughly parallel with the South

Saskatchewan River (Figure 5.10). Any resulting slide movement will

be towards the river,. Le., 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=lOO.OOOO 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 writing, 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 available from the November, 1977, survey to establish

the coordinates of all the concrete monuments and the results of the

May, 1978, survey had to be used for thi� purpose. As a result, the

data, from the November', 1977, survey was used for checking purposes

only and was not used for any 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 INNER-2 and INNER-3 as fixed stations with

centering error equal to O.S mm at all concrete monuments and 1.0 mrn

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, unweighted residual being 0.41 seconds 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

final adjusted cQQrdjna�es 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 cards.

The same procedure for reduction and analysis of the data was

followed in ali 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, 1�79,

survey. For the 9S resultant angles (i.e., obtained from 123 measured

directions} 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'2 obtained from 114 measured directions) the mean, absolute,

L
unweighted residua_l_was 1.1 seconds .

...............-----
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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 95 percent error elliptical cylinders will

.- b� used to determine the levels of significance with-respect to move­

ment in the next chapt�r.

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 analyzing the survey techniques emp1oyed�

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 present. They are composed of numerous slide blocks, a clearly

discernab1e scarp and an eroded toe. A detailed description and

geotechnical analysis of the landslides is presented by Haug (1976)

The nature of a retrogressive mechanism suggests the slide

is triggered by movement 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 requir�s 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 balance is

maintained in the slide at all times.

L
....... r
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FIGURE 6.2� LANDSLIDES AT PRESENT

I

I
�_,..

FIGURE 6 •.1:. LANDSLIDES' A't: PRESENT
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a UNFAILED SLOPE

b ROTATIONAL FAILURE AND PULLING DOWN
OF THE SCARP

c ROTATIONAL FA fLURE OF BLOCK 2

d HORIZONTAL MOVEMENT OF BLOCK
ALLOWING BLOCK 2 TO SETTLE AND

BLOCK 3 TO FAIL

2

e ROTATION ANO' TRANSLATION OF BLOCK I

ALLOWING BLOCK 2 TO SETTLE MORE

FIGURE 6 ..3 R·ETROGRESSIVE SLIDE MODEL 1 HAUG

( 1976 )
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In order for this type of failure to occur, it must be

assumed that the rate 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

as a coherent mass.

6.3 Observed Surface Kinematics

The amount of surface movement was calculated from the

X-Y-Z coordinates of the slide·�onuments 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 a result, 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 horizontal and vertical coordinates were determined

independently, but could be combined to find the resultant three

dimensional movement. The movement calculations performed were the

calculation of the resultant 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 mID towards the

river. All the movements appear to be in the expected direction with

the exception of SLIDE-I. The fact that allof the movement is in the

same general direction and of the same magnitude implies that some

significant movement is occurring. The plots of the 95 percent error

elliptical cylinders for SLIDE-7 and SCARP-4 (Figures 6.7 and 6.8)

reveal that the error ellipses do not overlap for this time period.

Based- on the 'st.atd s tdca I test derived earlier, this would indicate

that movement is occurring at the 5 percent level of significance.

Movement in the vertical. direction 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 overlap which would suggest that the

vertical movement is not highly significant.

A more detailed statistical analysis of the movements was

not performed since a consistent pattern of movement was readily

apparent, i.e., horizontal movement was towards the river and ver.tical

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

setttiement, 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

5 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 �ovements 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 consf stent 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. 1978 time period. The observed 30 rnm to 60 rnm of movement

must be due to true surface movement of the slide. It would be

unreasonable· to attribute the m�vement solely to the e.ffects of

environmental changes on the SLIDE monuments. The slide movement is

undeniably towards the river, as was expected.

6.3.2.3 May, 1978 to August, 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 interesting pattern. SCARP-4,

whic� is at the edge of the scarp, appears to move the same amount

horizontally and vertically •. SLIDE-7, which is near the river,
. "..

... ..

..
.

appears to move in a predominantly horizontal direction. This pattern

is consistent for all three time periods. At this stage, there is

no doubt whatsoever 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 rnm

vertically) could be used to analyze the pattern of movement in the

slide with a high degree of confidence. 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 h�ve been outlined, (see Figure 6.9). This shows SLIDE

monuments 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 �carp, (Figure 6.11). SLIDE monuments 12, 13
i

and 16 are in interb10ck 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 horizontal movement

is predominantly towards the river. The rate of horizontal movement

varies from 1 mm/month on top of the scarp to 7 mm/month near the

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

the model of � retrogressive slide which states that the rate of
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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 scarp and near the toe of 1.5 mm/month. There is downward

movement of 0.5 mm/month in the middle of the slide. This indicates

that the material near the toe is sloughing into the river and the area

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

in the middle of the slide.

A cross section was drawn across th� study area to better

illustrate the surface movement. The cross section chosen was A_AI in

Figure 6.9. The rates of movement were then plotted on Figure 6.16.

The plot clearly shows the increase in movement towards the toe.

The area near the top of the scarp moves horizontally and vertically at
•

the same rate suggesting a rotational type of motion. The downward

movement becomes less pronounced with increasing distance from the scarp.

Near the river, the movement is predominantly horizontal.

This observed behavior agrees well with the expected model.

Movement near the top of the scarp is primarily rotation. The amount of

rotation decreases as the blocks near the toe.

The movements of the slide monuments on the large slide block

near the river indicate that it is moving as one coherent mass. The

rates of movement are very similar as is the direction of movement.

There is a noticeable effect of sloughing near the leading edge of the
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block as SLIDE-I and SLIDE-7 experience 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 be any significant rotation 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 sloping towards the river.

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

forming to the northeast. The -r:esultant moveme:nt is prob�bly str�c�ly
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, at least no

movement 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 mticli .Iarger' 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 shou�d continue into the future to establish

if there is indeed some correlation between surface movement and

1
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FIGURE 6.17: SUDE-7 IN, PROCESS. OF SLOUGHING INTO RIVER.
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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 ?arts of the in�trumentat�on ar� the monument

type,. monument; location, measuring technique and surveying equipment

available.

6.5.1 Monument 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 experienced some horizontal and

vertical movement but this has no� affected their usefulness.

The SLIDE monuments have 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 complex area which made interpretation of

the results more difficult.

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 essentially the same

amount in the same direction. This is because they were on one slide

block. One monument 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-l and SLIDE-7. ·'Monuments 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 ha�e been possible to

dispense with monument INNER-l since it only served to reinforce the

triangulation net on top of the scarp. However, a high order of

horizontal control was needed and was obtained utilizing INNER-I.
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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 interesting to note that the pattern of movement

established duri�g the May, 1978 to AUgq5t, 1978,time period was

followed throughout. 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 el lj.pse s 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 .no� .in any way affect the final, analysis of the surface movements

of the slide.
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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 slightly shorter with 2 persons. The surveying time consist?

mainly of angle measurement and leveling. Consequently, the

implementation of more points 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 - tr.ans1ation.

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

summer of 1978. Also, �he 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 discernab1e slide block.

·Re1ocation 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
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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 survey techniques used in this study gave very reliable

results. This is because a comprehensive preana1ysis 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 th�- computer program'LSQADJ which was used to perform the

least squares adjustments, calculate the statistical accuracies and

check the reliability of the results.

The study was aided considerably by the availability of

precise surveying equipment: the Wild T-3 Theodolite, MA-lOO

Tellurometer and the Wild NA-2 precise level. However, this equipment

is 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 9S 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 rnm

to 100 mm occurred in the slide.

This study indicates 'that surveying techniques can be used

,

to measure small deformations with a high degree of confidence. It

is recommended that the methods of preanalysis, select�on of configura­

tion, selection of type of monumentat ion and final analysis employed

..
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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

respect to statistical accuracies and detection of movement, 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

much more reliable means of controi. More measurements with varying

degrees of freedom should 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 thresh�ld limit

if surveying techniques are to be accepted as a useful measuring

technique in geotechnical engineering.

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

total instrumentation. Slope indicators had been installed in the

slide in 1977. An interesting project would be to compare the move-

"--l...___ .
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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 •

. 'il::....._..._-...-....-� _
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APPENDIX A

Baseline Calibration and Angle
Measurement Procedure

Page No.

A.l Baseline Calibration 133

A.2 Angle Measurement Procedure 140
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A. L BASELINE CALIBRATION

The baseline was chosen to be between monuments
INNER-2 and DINER-3. The line wa s 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
83.8267
83.8272
83.8264
83.8268 ..

83.8270
83.8266
83.8268
83.8262
83.8269

mean= 83.8267 meters; standard deviation = 0.0003 m

Dry bulb temperature = l4.8°C
�vet bulb temperature = 9.30 C
Barometric pressure = 27"Hg = 9(S millibar

elevation INNER-Z baseplate = 99.9692 metres
elevation DiNER-3 baseplate = 98.0216 metres

height to cent er of 11A-lOO = 0.400 metres

height to center of \iild reflector = 0.240 metres

reflector constant = -0.086 metres = zero correction

from Table A.l
barometric pressure = 915 mb
Td = 14.8°C

thus c =+22.7 ppm

from Table A.2
Tw = 9.3:C
.AT=5.5C

thus c =+0.3 ppm

Total correction = 22.7 + 0.3 =+23.0 ppm

ll_.�
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Therefore corrected slope distance:

S = 83.8267 - 0.086 + 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 horizontal distance:
1 'Z. Y1.

H = (83.7426 - 2.108 )

H. = 83.7171

0.240

.0.1-00

I. �47b

H

SUMMARY OF CALIBRATIONS

November, 1977 = 83.7171 ± 0.0015 metres

May, 1978 = 83.7176 ± 0.0015 metres

August, 1979 = 83.7166 ± 0.0015 metres

">l...
_
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TABLE A.I
TEMP. PRESSURE IN MILLIBARS

CQ 896 898 900 902 904 906 908 910 912 914 916 918

-20 - 6'1 - 8'7 - 7'4 - 8·0 - 8'6 - 9'2 - 9'9 -10'5 -11'1 -11·7 -12·4 -13'0
-19 - 5'0 - 5'6 - 6'3 - 8'9 - 7'5 - 8'1 - 8'8 - 9'4 -10·0 -10'6 -11·2 -11·9
-18 - 3'9 - 4'5 - 5'2 - 5·8 - 6·4 - 7'0 '- 7'6 - 8·3 - 8'9 - 9'5 -10'1 -10·7
-17 - 2·8 - 3·5 - 4'1 - 4'7 - 5·3 - 5·9 - 6'5 - 7'2 - 7'8 - 8·4 - 9'0 - 9'&
-18 - 1·8 - 2'4 - 3·0 - 3'6 - 4·2 - 4'8 - 5'5 - 6'1 - 6·7 - 7·3 - 7'9 - 8'5
-15 - 0'7 - 1·3 - 1'9 - 2'5 - 3'1 - 3'8 - 4'4 - 5'0 - 5'6 - 6'2 - &'8 - 7·4
-I. 0'3 - 0·2 - o·g - 1'5 - 2'1 - 2·7 - 3'3 - 3'9 - 4'5 - 5·1 - 5·7 - 6'4
-13 1'3 0'7 0'1 . - 0·4 - 1'0 - 1·& - 2'2 - 2·8 - 3'4 - 4·1 - "·7 - 5·3
-12 2'4 1'8 ,., 0'5 0'0 - 0·6 - 1'2 - 1'8 - 2'" - 3'0 - 3'& - "'2
-11 3'4 2'8 2'2 1'6 1'0 0'4 - 0'1 - 0'7 - 1'3 - "9 - 2'5 - 3'1
-10 "." 3'8 3'2 2'6 2'0 1'4 0·8 0·2 - 0·3 - O·g - 1'5 - 2'1
-9 5'4 4·8 "'2 3'6 3'0 2'" 1'9 1'3 0'7 0'1 - 0'" - 1'0
-8 8'5 5·9 5'3 "'7 4'1 3'5 2'9 2-3 1·7 1'1 0·5 - 0'0
-7 7·5 6'9 8'3 5'7 5·1 "·5 3'9 3'3 2'7 2'1 1'5 O·g
-8 8'5 7·9 7'3 6'7 6'1 5'5 4·9 4·3 3:T 3'1 2·5 1'9
-5 9·" 8'9 8'3 7·7 7" 6·5 5'9 5'3 4"7 "'1 3'5 3'0
-4 10'4 9'8 9'3 8,7 8,1 1·5 6·9 8·3 5·1 5,1 "·5 "'0
-3 11'4 10'8 10'2 9'8 9,1 8·5 7'9 7'3 6·1 6,1 5·5 5'0
-2 12·" "'8 11'2 10'6 10'0 9'5 8'9 8·3 7·7 1'1 .. 6·5 6·0
- 1 13'3 12'8 12·2 11'6 11·0 10'4 9'8 9'3 8'7 8,1 7'5 6'9

0 14·3 13·7 13·1 12'6 12'0 11'4 10'8 10'2 9'7 9'1 8·5 7'9
1 15'2 14,7 14'1 13·5 12'9 12'3 11'8 11'2 10'& io,o 9'5 8'9
2 16,2 15·& 15'0 14'4 13'9 13·3 12'7 12'1 11'6 11'0 10·4 9'8
3 17'1 16,5 16'0 IS," 14'8 14'2 13·7 13'1 12'5 12'0 11'" 10·8
4 18'0 17·5 16'9 16'3 15'8 15,2 14'6 14'0 13'5 12·9 12·3 11'8
5 19,0 18'4 17·8 17'2 16'7 16'1 15'5 15·0 14'4 13'8 13·3 12'7
6 19'9 19'3 18'7 18'2 17'6 17·0 16'5 15,9 15'3 14'8 1�'2 13·&
7 20'8 20'2 19'6 19'1 18'5 17'9 17'4 18,8 1&'3 15'7 15'1

. 14,6
8 21,7 21·1 20'5 20'0 19,4 18·9 18·3 17'7 17'2 18'6 16·0 15'5
9 22·6 22'0 21'4 20,9 20,3 19'8 19'2 18'& 18'1 17'5 17'0 1&'4

10 23'5 22'9 22'3 21'8 21'2 20'7 20'1 19·5 19'0 18·4 17·9 17·3
11 24·3 23'8 23·2 22·7 22,1 21'8 21'0 20'4 19'9 19'3 18·8 18'2
12 25'2 24'7 24,1 23'5 23'0 22'4 21'9 21,3 20'8 20'2 19·7 19,1
13 28'1 25,5 25·0 24'4 23'9 23·3 22'8 22'2 21'7 21·1 20·5 20'0
14 26,9 26,4 25,8 25'3 24'7 24'2 23'6 23'1 22·5 22'0 21·4 20'9

15 27·8 27,3 26·7 26'2 25,& 25,1 24'5 24·0 23'4 22'9 22'3 21·8

18 28-7 28'1 27'6 27-0 28·5 23'9 25'4 24'8 24'3 23'7 23·2 22'6
17 29'5 29'0 28-4 27'9 27-3 28'8 26'2 25·7 25·1 24·6 24-0 23-5

18 30'3 29'8 29'2 28'7 28-2 27'6 27'1 26'5 26'0 25'4 24·9 24·4

19 31-2 30'6 30'1 29'5 29-0 28-5 27'9 27'4 28-8 26-3 25·8 25'2

20 32-0 31'5 30'9 30-4 29'8 29-3 28'8 28'2 27·7 27·1 28'6 26·1

21 32'8 32'3 31'7 31-2 30'7 30·1 29,6 29'1 28'5 28,0 27·4 2&'9

22 33'8 33-1 32·& 32'0 31-5 31'0 30-4 29'9 29-3 28·8 28'3 27-7
23 34'4 33'9 33'4 32-8 32-3 31'8 31'2 30·7 30-2 29'6 29·1 28·6

24 35'3 34'7 34'2 33'7 33'1 32-6 32-1 31'5 31'0 30'5 29·9 2g·4

25 36-1 33-5 35'0 34'5 33'9 33-4 32'9 32·3 31'8 31'3 30·7 30-2

26 36-8 36'3 35-8 35'3 34'7 34-2 33,7 33-1 32'6 32·1 31,& 31'0

27 37-6 37'1 36-6 38,1 35'5 35-0 34'5 33·9 33'4 32'9 32'4 31'8

28 38'4 37'9 37·4 36'8 36'3 35'8 35'3 34,7 34,2 33·7 33·2 32,6

29 Z9'2 38-7 38'2 37'6 37-1 38·6 38-1 35'5 35'0 34·5 34·0 33,4
30 40,0 39'5 38'9 38'4 37·9 37·4 38,8 3&'3 35'8 35'3 34·8 34'2

31 40'7 . 40-2 39'7 39'2 38·7 38·1 37'6 37'1 3&'6 3&'1 35·5 35'0

32 41'5 41,0 40'5 40'0 39-4 38'9 38'4 37'9 37·4 36,8 36·3 35'8

33 42'3 41'7 41'2 40'7 40·2 39·7 39'2 38'6 38·1 37'6 37,1 3&'6

34 43'0 42'5 42'0 41·5 41'0 40-4 39'9 39'4 38,9 38'4 37-9 37'4

35 43-8 43-3 42'7 42'2 ""7 41·2 40·7 40,2 39'7 39·1 38'6 38'1

36 44'5 44'0 43·5 43'0 42'5 42'0 4"4 40'9 40-4 39'9 39'4 36'9

37 45'3 44-7 44'2 43'7 43'2 42'7 42'2 41·7 41·2 40-7 40'1 39'6

38 .us·O 45·5 45,0 44-5 44'0 43'4 42-9 42·4 41'9 41'4 40,9 40-4

39' 46·7 46'2 45-7 45·2 44'7 44'2 43·7 43'2 42,7 42'2 41·6 41·1

40 47,4 .us. 9 48-4 45-9 45'4. 44·9 44-4 43'9 43'4 42'9 42·4 41-9

'" 48'2 47·7 47'2 4&'7 48" 45'6 45·1 44'& 44·1 43-S 43'1 42'8

42 48-9 48-4 47'9' 47-4 4&'9 4&·4 45'9 45,4 44-9 44-4 43-9 43·4

43 41-6 49-' 48'6 48" 47·S 47'1 4&'6 46'1 45'8 45'1 44-& 44"

44 SO-3 49,8 49-3 48'8 48'3 47'8 47·3 4&'8 4&-3 45-8 45-3 44·8

45 51 '0 SO'5 SO'O 49'5 4g·0 48,5 48·0 47·5 47'0 4&-5 46·0 45-5

46 51·7 51'2 SO'7 SO'2 49·7 49-2 48-7 48-2 47·7 47-2 46-7 46'2

47 52'4 51-9 51·" SO'9 SO'4 49'9 4g·4 48'9 48·4 47-9 47·4 47·0

48 53'1 52·6 52·1 51'6 51 ·1 SO-S 50-1 '49·6 49'1 48-6 48·2 47·7

49 53'8 53'3 52·8 52'3 51'8 51,3 50-8 SO·3 49'8 49'3 48·9 48'4

50 54-4 54·0 53'5 53'0 52-5 52'0 51·5 51-0 SO'5 50'0 49-6 4g·1

,
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TABLE A.2

TABLE 2

Correction for water vapour .6.K
Dry Bulb Temp. Wet Bulb Depression (OC)

°C 0 5 10 15 20 25

-10 0.1
-5 0.2

0 0.3 ;

-5 O.� 0.1
10 0.5· 0.2
15

,

0.10.7- 0;3

20 0.9 0.5 0.2
25 1.2 O.S 0.4 0.1

30 1.6 1:1 0.6 0.3

35 2.1 1.5 0.9 0.5 0.1

40 2.6 1.7 1.3 0.8 0.4 0.1

�45 3.4 1.9 1.7 1.1 0.6 ·0.2

50 4.3 3.2 2.3 1.6 1.0 0.5

All the.above values are F"sitille'
e

Above values calculated from 15.02 T

N.B.

where T = air temp. oK
e = partial press. H20 (mmHg) from NPL tables.

�t
_
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A.2 Direction Heasurement Procedure

vlild T-3 at:

SCARP-l

SCARP-4

SCARP-l

SCARP-4

SCARP-3

SCARP-2

SCARP-l

SCARP-2

SCARP-4

SCARP-3

Slide Monuments - 2 degrees of freedom

Targets at:

SLIDE-5,6,7,lO,SCARP-2
SLIDE-5,6,7,lO,SCARP-3

SCARP-2,SLIDE-5,6,lO,7
SCARP-3,SLIDE-5,6,lO,7

SLIDE-l,2,3,4,SCARP-2
SLIDE-l,2,3,4,SCARP-3

SCARP-2,SLIDE-4,2,1,3
SCARP-3,SLIDE-4,2,1,3

SCARP-2,SLIDE-13,12,11,9
SCARP-I, SLIDE-13, 12, 11,9

SLIDE-13,11,12,9,SCARP-3

SLIDE-ll,13,12,9,SCARP-3

SLIDE-14,$,15,16,SC;�P-4
SLIDE-14,8,15,16,SCARP-3

SCARP-2,SLIDE-16,8
SCARP-3,SLIDE-16,8

SCARP-2,SLIDE-14,15
SCARP-l,SLIDE-14,15

INNER-l

INNER-2

INNER-3

SCARP-l

SCARP-2

SCARP-3

SCARP-4

Triangulation Network on Top

INNER-2,SCARP-2,3,4

INNER-3,SCARP-l,2,3,4,INNER-l

SCARP-l,2,3,IN}mR-2

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

SCARP-3,4,I}ffiER-l,2,3,SCARP-l

SCARP-4,INNER-l,2,3,SCARP-2,l

I�rnER-l,2,SC)�P-l,2,3
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APPENDIX B

Field Results

B.1

Page No.

May. 1978 Survey 142
s.r.r Angle Measurements 142

B.1.2 Leveling 150

August, 1978 Survey 156
B.2.1 Direction Measurements 156
B.2.2 Leveling 170 r'

May, 1979 Survey 176
B.3.1 Direction Measurements 176
B.3.2 Leveling 191

August, 1979 Survey 197
B.4.1 Direction Measurements 197
B.4.2 Leveling 211
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B.I May, 1978 Survey

B.I.l Angle Measurements
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C.l.2 Vertical Adjustment
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APPENDIX E

Rate of Movement Calculations

Page No.

E.l Horizontal Movement Calculations

E.2 Vertical Movement Calculations
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E.l Horizontal Movement Calculations

The coordinates from the Hay, 1978 survey wer e used
as the starting coordinates for all monuments. The
movements in each subsequent ti�e 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

��y 15, 1978 to May 15, 1979 = 12.0 months

!1ay 15, 1978· to August zr, 1979· = 15.2 'months
The results of the horizontal movement calculations

are presented in Table E.l.

E.2 Vertical 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.2.
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Table E.l: Rates of Resultant Horizontal Movement

f1ay/78 May/78 May/78
to RATE to RATE to RATE

STATION Aug/78 mm r1ay/79 rom Aug/79 rom

NAME (mm) month (mm) month (mII!.) month

INNER-l 1.0 0.3 3.0 0.3 3.9 0·3

INNER-2, 0.0 0.0 0.0 0.0 0.0 0.0

INNER-3 0.0 0.0 O.Q 0.0 0.0' 0.0

SCARP-1 1.1 0.3 4.3 q.4 2.9 0.2

SCARP-2 2.4 0.7 8.3 0.7 11.0 0.7

SCARP-3 3.2 0.9 13.1 1.1 20.0 1.3

··SCARP"'4
.

5.1· 1.5 20.2 1.7 . 32.8 2.2 '

SLIDE-1 6.1 1.8 53.6 4.5 91.8 6.0

SLIDE-2 7.7 2.3 45.3 3.8 83'.6 5·5

SLIDE-3 8.6 2.5 46.0 3.8 84.9 5.6

SLIDE-4 3 .. 1 0.9 40.8 3.4 78.2 5.1

SLIDE-5 10.3 3.0 51.1 4.3 89.0 5.9

SLIDE-6 12.1 3.6 55.9 4.7 93.6 6.2

SLIDE-7 10.5 3.1 65.2 5.4 104.7 6.9

SLIDE-8 11.7 3.4- 44.6 3.7 72.7 4.8

SLIDE-9 9.4- 2.8 39.1 3.3 72.2 4.$

SLIDE-10 11.9 3.5 44.1 3.7 74.4 4.9

SLIDE-11 9.3 2.7 41.7 3.5 69.7 4.6

SLIDE-12 8.B 2.6 34.9 2.9 61.5 4.0

SLIDE-13 10.0 2.9 35.0 2.9 56.2 3.7

SLIDE-14 5.9 1.7 21.9 1.B 37.3 2.5

SLIDE-15 7.2 2.1 25.1 2.1 39.1 2.6

SLIDE-16 12.5 3.7 37.8 3·2 64.2 4.2

l
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ns of Vertical i10vement

MaY/78 r!laY/7S Nay/78
to RATE to RATE to RATE

STATION Aug/78 mm 11ay/79 rom Aug/79 rom
NAME (rom) month (rom) month (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 0.0 2.2 0.0 1.7 0.1

SCARP-1 0.0 0.0 3.3 0.3 4.7 0.3

SCARP-2 0.0 0.0 6.$ 0.6 9.$ 0.6

SCARP-3 0.0 0.0 l3�5 1.1 24.$ 1.6

SCARP-4 3·2 0.9 17.7 1.5 32.3 2.1

SLIDE-l 1.6 0.5 10.4- 0.9 17.9 1.2

SLIDE-2 1.6 0.5 7.0 0.$ 12.2 0.8

SLIDE-3 3.9 1.2 B.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 0.7 19.1 1.3

SLIDE-6 4.4 1.3 11.0 0.9 1B.0 1.2

SLIDE-7 2.4- 0.7 22.3 1.9 29.1 1.9

SLIDE-B 1.9 0.3 6.2 0.5 9.5 0.6

SLIDE-9 1.1 0.3 3.8 0.3 5.6 0.4

SLIDE-IO 2.2 0.7 4.1 0.3 5.5 0.4

SLIDE-II 1.7 0.5 5.9 0.5 B.7 0.6

SLIDE-12 2.0 0.6 1.4 0.1 2.9 0.2

SLIDE-I; 3.$ 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 B.B 0.7 16.3 1.1
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. APPENDIX F

Verification of the Computer Program LSQADJ

Page No.

F.l Example #1 - Level Adjustment

F.2 Example #2 - Level Adjustment

F.3 Example #3 - Horizontal Adjustment

F.4 E�ample.#4. - Error Ellipses
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F.l Example II - Level Adjustment

A comparison was made between LSQADJ and the Geodetic

Survey of Canada progran LEVELOB. The prcgraa 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.I, F.2 and F.3.

Figure F.I illustrates the 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 comparison reyeals that the level adjustment portion

of the program LSQADJ yields the exact same results as the Geodetic

Survey of Canada program LEVELOB. The exact agreement between the

two programs indicates that the level adjustment portion of the

program LSQADJ works correctly and can be used with confidence.

��_l _
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. ABLE
; rElev. fixedl

L at200.00J

-161.08

TRIANG
(448.1)

LEVEL'NET - EXAMPLE-HI

LSQADJ

STATION SlA1ION PRELIMINARY AOJUSTED STANDARD
·NUMB£� . NAME ELEVATION ELEvATION DEVIATION

************************************************************************

t SMA 188.6000 188.5898 0.0915

----�--���---�-�-�---��-�---�-�--��---�-�---��---��--------��-�----�-

2 8M2 27.5000 27.5712 0.tt78

------�------�------------�----�-----�-------------�--------�----�-----�

TWTANG 448.7000 0.1151

---------_._-..----- .....-,_ ....-_.-�,_---------- ..---_.--- ..---------------------------

CAD 541�8000 541.5303 0.1008

-----�----------�----�--�----���----------------�-�----�----------------

RAD 324.6000 324.3452 0.0882

--�------------------�-�-------�------�----------�--��---------��------

************************************************************************

LEVEIDB . (from Peterson, 1966)

ADJUSTED ELEVATION MATRIX S.O.

1 BAD 32:... 3452 ,OS82
2 Cft.O 541.5303 ,,10;,7

J TRIANG 4.."S.8149 .1153
• 4 6M2 27'5172 .'1"?"?

...... t ,

5 SMA 188,5g98 .OQ14

6 ABLE 200·°900 Q

E:r¥LE: l ( FIGURE i"-�: 11 �-

�
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LINK FROM Tn CALCULATED OBSERVED
NUMSER SlATION STATInN DIFF. IN �LEV OIFF. IN ELfV

*********************.***************************.**********************

1 A�lE . SAD 124.3500

----�--��-----�------�-�--��------�-------�---------�----------------�--

2 BAD CAl} 217.1851 217.2400'

�--�-----�---�---------------------------------.--------.---------------

3 CAD TRIANG -92.7154 -Q2.7&00

----------------------�-------�-----------------------------------------

ABLE -11.4102 -11.3600

-�------------�----------�----�---�------------------�------------------

5 AMA -161.0127 -1&1.0800

-----------------�---------�-------�--------------------------------��-

6 BM2 TRIANG 421.2378 421.3600

-------------��---�--�-�---�------�--��------------�---�------��---�----

7 BAD SMA -135.8.100
--�---��---------------�-------�--���--�---------�---------------------�

8 CAD 8M2 . -513.8100

-----�-�---------�-------------�------------�----------�--------------�-

ABLE TRIANG 248.8149 248.oQOO

------------------�--------------------�-------------�-----�-------------

STD. ERRO� OF 085. UF UNr� �EIGHT= 0.1456

************************************************************************

.lEVElos (from Peterson, 1966).

L!��E
NO.

FRO:-1
ST�.

TO
STA.

AOJ.ELEV. OeS.ELEv.
. ·0 IFF • D ! r F •

1
. ABLE BAO 12+.3452 la+.:::s�(\

a 6)\0 CAD Z 17.1851 217.Z4QO
3 CAD TRIANG -92.7154- -'-)2_ 7600
4' ABLE SMA -11"4i02 -il-::600
5 BMA 81'12 -161-012; -161·0800
6 6M2 TRIANG 421·2378 l;21. 3(:�U

'1 BAD SMA -135.7554 -l�s.alOO
5 CAD BH2' -513�9S31 -S13.aloa

.'

9 TK!ANG' 249.8149 2413.6900
---'"

ABLE
t�EAN RESIDuAL .0169

STI).E.RHOR OF QAS.Or- ·UNIT :!T. .1455

FIGURE F 2- EX AMP'kE �=II: n,.
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LSQADJ

F�(J�
STA TION

Tn RESIt)UAL
STATIO� (CALC-ObS)

LIr"K
W£IGHT

LINK
STANDARD
OEVIATION

***********************************�***********************************

1
.

A�LE dAD 1.47 0.0882

___ � ��� �_�_�_� � ��__��_�_.- __ - � e _

2 RAO (AO -0.0549 2.50

•__ .. .. .. ..__ ._. .�_•..JIIIt.�_.._..�_-_.��-...............-------------------.

3 CAO 0.044& 0.0856

----�.- ..- ..---..---�----,..--..-----�_.---._--- .. - ..-�-----._---------- .._---- ..------

AtsLE. -0.0502 1.32

--���-�---�-------��---�---�-�--���------------------�---�-------------

5 SMA 0.0&73 0.95 0.1038

--�---------------��---�---�-�------�---------------------�------------

'0 . TR .LANG· . -0.1222 1.25 O.OQ40

----------- ......�-.,----......��_.- ...._� ..�.._.---- ....-----�----------- ..------ .. ------��-.;

7 BAD 2.38 0.0766

-----�-����-�--���-�--�------------�--------------------�----�--�-��-----

8 -O.tQ32 1.52 0.086.7

-------- ...----.-..- ..--���-....- ..------_.---���.� ..--------..----- ..._---------- .....-----

0.12Q9 0.58 U.1153
---..--------..�--------��----------- ...-.----��-!.._��--------------------------_ ...

***********************�*******�*�.�*************************************

LEVELOB (from Peterson,1966)

L!NE F'ROr.., TO RESIDIJAL . \'IEIGHT L I r·!K
NO. Si.i. STA .. (ORS-MJ�) s.n.

1 ABLE BAD ",.�,. 1.47�o .ORf)2.. '" ,,'t.,

e BAD CAD oOS49 ·2.5000· .fJ79r]
3 CAD TRIANG·. -0.0446 1.7U57 .0[156
-+- ABLE Bf4A '0502 113155 ·OQ1'+
.-

SMA 6M2 -O·Qf)73... ·'1524 .1 ()3H...

" 6M2 TRIANG ·1222 1.250Q • OOlt 0,_

7 BAD 8MA- -0. C5"n 2, 3tH a .0 7 6�1
.: CAD 8M2 .1431 1.5152'. .OP.67
't ABLE TR!ANG -0.124.9 .58-+8· .1153

nt:l�-6M�"n" :&1

l FfGU!UI �.J. �··l ..

: �
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F.2 Example i2 - Level 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-I, pp 773, loc cit. The results of the

adjustment from LSQADJ and Moffitt and Bouchard are presented in

Figure F.4 and F.S.

Figure F.4 illustrates that the adjusted elevations from

LSQADJ and Moffitt and Bouchard agree exactly. Figure F.S shows that
,

the calculated residuals and standard deviation of unit weight also

agree exactly. The link standard deviations do not agree since

Moffitt and Bouchard calculate them by a method different than the

one used by MSQADJ and LEVELOB:

Moffitt and Bouchard (1975)

(J = 0'0
1

LINK PLINK

LSQADJ and LEVELOB

2 2

(JLINK =

(JZ-r
2

+

The method used by LSQADJ and LEVELOB 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 to work correctly when compared with Moffitt

and Bouchard (1975).
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LENGTH FROM OBSERVED
UNE

(miles) DETO

1 1.49 A-B - 3.278

2 1.12 B-G - 1.467
3 1.32 G-H + 9.756
4 1.15 H-A - 4.975
S 1.27 B-C + 8.429
6 1.03 C-F - 6.528
7 1.38 F-G - 3.352
8 1.32 C-D +16.724
9 0.96 D-E -12.563

10 1.29 E-F -10.721

1..c:vcJDCt. 11 2.36 F-K +12.249

LSQADJ

STATION STATTON P�FLIMTNARY A0JUSTEU STANDARD
NUMHER NAME ELEvAtION t.L.tVAIJ.UN DEVIAIIOh-

************************************************************************

t 853.t470 853.1Q97 O.014R

---�------�-------��-�����------�----�-�����-�-�-�-�------------------�

2 C� A�o�t��7�O 8nl.5�02 0.0141

-�---��-�---�--�--------�-�-----�--��--���----------�---�-��------�-�-��

3 E

------------------------------------------------------------------------

R5S.04AO v.OlL:JO

---�-�-�-�---�---�----�-------------�----�-------�--------------�----�

5 G R5t.b800 851.6780 O.OlSQ

----�------�------�---��-�--��-��------�-----------------���----��-�-�

H �61.4360 0.016t

--�-�--��---�--�---------�----�--------�-------�------------��---�------

MOFFITT'- AND "EOUCHARD ( 1975 )

SOLUTION «(t) ADJUSTED EUVAnON «(t)

[Xl] [+0.003]XI

+0.010.X X, +0.001
-

X.
=

-0.005

%s -0.002
.r. -0.020

B == 853.147 + 0.003 = 853.150
C = 861.576 + 0.010 = 86l.S86

E= 865.769 + 0.001 = 865.no
F= 855.048 - 0.005 - 855.043
G == 851.680 - 0.002 == 851.678
H - 861.436 - 0.020 = 861.416

l Ffuru: F .4: EXAMl'q i2
..
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303.. LINK
[1, r"'OjUi fl) RESIDUAL LINK StANDARD

NU�bEH STATtUN STATION (CALC-O�S) WEIGHT UEvIATIO�
*************************************************************************

1 A (J.IJ021 0.61 0.0148

-----��-�--��-----�--�--�-----��-----�---------------------�-------�-----.

2 G -0.OU46 0.84 0.0151

---�--------��------------��-�----�---��-�-�------------�----------------

.3 G H -0.0182 0./6 0.0166

------�--�-------�------�----�--�---------------------------�-----------�

A A -n.o158 0.8/ 0.0161

---------------�---�---�-------��----�--------�--�---�--�-�----�--------

5 A t 0.0075 , 0.79 0.0151

-------------�----����---�--�-�-��---�-----------------------------------

t F -0.0148 0.91 0.0141

--------�------��---�---�--����--�������------------�--�-----------��---

1 . F G -0.0133 0.13 0.0151

---�-�-�-�--------��---�-���-�--�----��---�-�-�---�----------�-----------

8 t o ' 0.0268 0.16 0.0141

-------�--�--�-�-------���---��------�-�--------�-----.-----------------�

9 o E 1.04 0.0148

----�-----�-��-----��---�-�----------����---�------�------�----�---------

10 E F -0.0055 0.17 0.015t

-------------------�---�--�-��-------�---��------------�--�----------�-

11 F K 0.0140

---��--�------�--��--�------�--.-��-----�-----�--�---------�-------�-�­
I

SlO. ER�n� OF OBS. OF UNtT �EIGHT= 0.0182 /

MOFFITT AND BOOOHARD (1975)

171 == +0.003 ft

172,' == -0.005 ft

"3 == -0.018 ft

174 == -0.016 ft

"s == +0.008 ft

116 == -0.015 ft

"7 == -0.013 ft

178 == +0.021 ft

179 == -0.004 ft

1710 == -0.006 ft

1711 == -0.021 ft

For this level network, the standard error of Unit weight is ±0.018 ft. The
standard error of the measured DE"s can then be found
",J' •...

0'; == ±O.022 ft O's == ±0.020 ft O't} == ±0.018 ft

0'2 == ±0.019 ft .

(16 = ±0.018 ft 0'10' == ±O.020 ft

0'3 == ±0.021 Ir tT7 = ±O.021 ft 0'11 == ±O.028 ft

0'4 == ±0.019 ft 0'1 = ±O.e21 ft

I � FFURE
"

F.5: EXAMP!.i- #2
� cE

� i E
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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

given 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

1
per second. LSQADJ use a more accurate value of 206264.81

=

4.8481368 x 10-6 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 observation equations

to 3 significant figures. A large amount of accuracy was also

undoubtedly lost in the inversion of the-ATPA matrix. This round-off

error could easily account for a slight disagreement in the eighth

significant figure. Figure F.7 sho�s 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.

l
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R

Quadrilateral to be adjusted by variation of coordinates.

1. 40G 08' 17.9"
3. 530 11' 23.7"
S. 610 29' 34.3"
7. 23° 06' 37.3·

2. 44° 49' 14.7"
4. 41° 51' 09.9"
6. 23° 27' 51.2"
8. 71° 55' 49.0"

ts�

'1 .A Tru j\I PRE LIM) N A R y AD J OS I E ()
NA�E X-CUORDINATE Y-COORUINATf X-COORDINATE Y-COOROINATE

.*************************************************************************

FINAL

S3027"1.2UOO 41835t.12()0 530219.1404 418350.8510

.----�-�-�--�-------���---�------�--�----��--------�------�----�--�---�--

R 486460.0000 451042.441)0 486461.0011 451045.4230

.---�---�-------�-�--�----�--��--�--��-�------------------��--�---------�.

M07FI'l"'!'-L1D' :eaotHARD (1975)

Approx Xc = 530,279.24
-0.10

Adjusted Xc = 530,279.14

Approx XII = 486,460.00
+1.00

Adjusted X/t = 486,461.00

Approx Yc == 478,351.12
.

-0.30

Adjusted Yc = 478,350.82

Approx YR = 457,042.94
+3.00

Adjusted Y. = 457,045.94

l �IGORE F .0:

I
. J
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LSQADJ
RES J DUAL·

ANGLE AI FRQP 10 (CALC-OBS)
�UMBER STATION STATIUN STATION (SECONDS)

***********************************************************

1 A B c -0.45

------���---�-��------------�-���-------�-------�---�---�--.

'=e ...--........--....--�....--................�....--------....----....--....-P�------....------....--....��--........--............----....--__7-��._----...

2 BRA -3. 85

----------�-------�---�---�------------------�---�-------�-

3 B c R 0.49

--------------�-----------�------------------�-------------

c A d -2.39

-�---------------------------------------------------------

5 c R A 3.60

----------�----------------------�--------�----------------

R B c -0.81"-

---�-------�-�--�--��--------�----�------------------------

7 R A B lJ. II

-�---�-----------�-----�-----------------------�---�-------

A
.

c 0.63

-------------------�--�-�--------�-----�---��--�----------

***********************************************************

MOFFITT AND-BOUCHARD (1975)

"1 = -0.51· "s = +3.44·

"i = -3.75'" 176 = ...0.64-

U3 = +0.37- 07 = +4.67-

"4 = -2.31' Us = +0.69-

FIGURE F. 7: EXAMPLE 1f3

� L
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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 SA, Standards for Cadastral Surveys, (loc cit).

The results of the Horizontal Control Section and LSQADJ are presented

in Figures F.B and F.9, respectively.

Figure F.B shows the 95% error ellipse calculated by the

Horizontal Control Section using an approximation technique. The

95% er�or" ellipse calculated by LSQADJ is shown on Figure F.9. The

magnitude and orientation of the two error "ellipses agree almost

exactly. Any 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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In�he above �i�pl� exampl�, if the azimuth A were to be measured with

atechnique having a standard deviation of 5", the 95% confidence region

ofthe position of Y relative to the position of X would have a semi axis

perpendicular to XY of:

,
2 1/2 x 5" x Sin 1" x 2000 m :;:; 0.121 metres

Ifthe dis�ance XV were to be measured with. technique having a standard

deviation of (:11 -c m ± 3 ppm), the 95% confidence region of the position

ofY relative to the position of X would have a semi axis in the direction

ofXY of:

/2 -6 2
2 1/2 x �01 + (3 x 2000 x 10 ) = 0.029 metres
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-;; it- ;-;-;;-;-.-H"E LATf V F: TO-.-1,-.-;;;-;--------0-(G�frE.'3--
STATION SrAJIoN Of
'WMAER NAME TYPE FREEOur..

*�*** ERRUR ELLIPSE AI ****.

STATION SlATTUN
NUMtlfk NAME TyPE

*****************************k**********************************************

1 Y A o1o 1

---------�---------�-----��----�----�-�-�-�------�------------�--�-------�--

***********************************************************************k****

-------------------_._-----------
-_.

HAJOR AXIS MTI�nk AXIS

. ---

ORIENTATION
OF MAJOR AXIS

CW fROM Y-AXIS
-

**************************************************

0.2373 0.0163 tbq.9999 OEGREES
-- .. __ .

-�-------�---�-------�------------------�---------

**************************************************

J

-1

I�

lA
o
1.0
•

!
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