9. MONITORING SURVEYS

It is to be noted that this is a highly specialized field and is difficult to cover all specifics for the

different types of monitoring projects required by the industry.

This chapter therefore concentrates on general principles which must be complied with and attempts
to make provision for anticipated special requirements of a Client.

9.1. General

9.1.1 Project Parameters

a)

Subject to the action of forces (both natural and man-made), a deformable body is
subject to changes to its shape and position. These changes may occur gradually or
suddenly. It is therefore the determination of such movements and shape changes and
the interpretation thereof that are the main objection of monitoring surveys.

i) There are both practical and scientific reasons for monitoring being necessary.
Practical reasons include the verification of the stability of a structure to be able to
assess the impact of any geological hazards, the early detection of the precursors
to earthquakes or the determination of early failure signals for structures,
embankments or slopes.

ii) Scientific reasons may include the need for the better understanding of the nature
of displacements, the testing of new theories which may be applied to the design
of structures and to establish prediction methods.

iii) Monitoring by means of survey methods may be defined as the determination of:

. Deflection and/or deformation of a structure. Deflection is a uniform
displacement while deformation is random or irregular displacements;

. Subsidence of an embankment which includes subsidence due to
underground mining; or

. ‘Slip or slide’ of a slope.

9.1.2 Project planning

a)

With every case being different it must be evaluated according to the ruling
circumstances of such case that an appropriate and cost effective monitoring system
may be defined/designed after which the monitoring survey may be executed. The
manner in which monitoring points are marked, the methodology and instruments used
and the arrangement and number of observations taken materially depend on the
precision and accuracy demanded by such survey and also the topographical and other
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9.2

9.2.1

9.2.2

9.3

relevant circumstances. Such geodetic monitoring measurements therefore must be
designed for each individual case. There is therefore, by implication, no readily
applicable ‘survey recipe’ that would be capable of meeting all scenarios.

b) The planning of a monitoring system includes but is not limited to the following criteria
and which must be considered:

i) Structure/embankment/slope characteristics;

ii) Critical sections to be monitored,

iii) Geology surrounding the monitoring area;
iv)  Topography;

V) Survey instruments and accessories;

Vi) Economic; and

vii)  Accuracy requirements.

Beaconing and targets

It is of fundamental importance to establish sound and stable reference beacons that are not
affected by displacements and which will serve as a base for the monitoring survey. Beacons
from which terrestrial observations (horizontal, vertical and distances) are to be observed from
must consist of well-constructed Pillar Beacons with a ‘forced centering’ facility. Permanent
Bench Marks for monitoring levelling must be constructed on a sound and stable formation.
Refer to paragraph 5.2 “Specific requirements for the establishment of monitoring survey
control beacons”.

The selection of targets may vary from site to site and be subject to circumstances prevailing at
the time of survey. These may generally however consist of a removable target/prism
combination which must fit perfectly on a ‘pin’ embedded in the beacon or on the structure to be
monitored or consist of a reflective target which is permanently fixed onto the beacon or the
structure to be monitored.

Observations

The monitoring survey of a monitoring point may be undertaken as follows:

. Three dimensional (dy, dx dz); or
. Vertical only (dz); or
. A combination of the above methods which is determined according to the applicable

circumstances and requirements.
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9.3.1 Horizontal and vertical observations

a)

b)

c)

d)

A network of beacons are required when three dimensional displacements are to be
monitored by means of terrestrial observations and may be any of the following,
depending on the specific circumstances:

i) Intersections to fixed targets by observing horizontal and vertical angles;

ii) Horizontal, vertical and distance observations to fixed reflective targets using a
reflectorless Total Station; or

iii) Horizontal, vertical and distance observations to fixed points that can
accommodate a prism to observe to. This method is more expensive and time
consuming than observations taken to reflective targets but these are more
accurate and must be considered in certain instances.

The necessary accuracy may not always be achievable for vertical monitoring by means
of the use of vertical angles due to factors such as the lack of certainty with regards to
refraction parameters. Accordingly, precise levelling methods should be used where
possible.

Specific care must be taken with respect to the following:

i) Measurement of target and instrument heights where vertical displacements are
being determined from vertical angles;

i) Temperature and barometer measurements. These are required to adjust distance
observations in order to achieve a high order of accuracy. The effect of
temperature is 1 ppm error for 1 degree Celsius and 1 ppm error for 5 millibar
pressure;

iii) Calibration of the Total Station. This is with special reference to distance
measurements. The fixed network of control on site may also be used to
determine the scale factor for the measured distances with the aid of appropriate
software; and

iv)  Checking and calibration of prisms. This is to ensure that all prisms used vyield
correlated distances.

Observations must be undertaken with a Total Station which must comply with the
following minimum specifications:

i) Horizontal and vertical accuracy one (1) arc second standard deviation; and

ii) Distances: +/- (1.5mm + 1.5ppm) or better.

The observations must include two (2) arcs in the horizontal and in the vertical (i.e. 2 x
circle left and right) and also the R.O (reference object). The R.O. closures shall not
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exceed three (3) arc seconds. Distances must be observed for each horizontal direction
observed onto a monitoring point.

9.3.2 Precise levelling

a)

b)

d)

Vertical displacements generally measured by means of precise spirit levelling. The
accuracy and instruments used will be determined in accordance with the specific
monitoring circumstances. For example, a concrete structure must be monitored so as to
achieve an accuracy of sub millimetres whilst the accuracy required at a slip slope for
example may be of a lesser accuracy due to the anticipated larger displacements.
Accordingly the monitoring of concrete structures will demand a high order levelling
instrument combined with the use of invar staves.

In some cases the vertical height measurement method may be used as this is the only
method possible. The quality and repetitions with respect to the information gathered as
compared with the high cost of carrying out three dimensional observations is relatively
low with respect to the precise levelling.

Only high order precise level instruments shall be used. The accuracy requirement for
such instrument shall be a 1mm standard deviation per km double run levelling.

The following procedures must be complied with:
i) A forward and a separate reverse level run must be observed;

i) The accuracy for the forward and reverse levelling run shall not exceed 0.2mm
between two consecutive monitoring points. If the difference between forward and
reverse levelling between two consecutive monitoring points is greater than 0.2mm
then that setup must be repeated;

i)  The distance between instrument and staff shall not exceed 20m so as to ensure
the high accuracy demanded; and

iv) It is noted that in certain circumstances, where large displacements are
anticipated, then the above specifications may be reduced.

9.4 Reduction, processing and analysis

a)

b)

The ‘raw’ horizontal and vertical data which is downloaded from the Total Station must
be reduced so as to be able to compare, the first instance, the observations between
circle left and circle right of an arc and, in the second instance, between the arcs to
ensure that observations are fully compliant with the specifications and requirements
demanded.

The adjustment of the control network and monitoring target observations must be
undertaken using a suitable ‘least squares’ adjustment program where all observed
horizontal, vertical and distance observations are utilised. Special care must be taken in
awarding realistic a-priori estimates for observations that are in accordance with the
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9.5

9.6

9.6.1

9.6.2

accuracy of the instruments as specified. In the adjustment a-priori estimates are to be
used that reflect the accuracies of the instrument used. The adjustment of the
observations requires a sound knowledge of geodetic survey principles and experience
to be able to identify small errors.

C) The precise levelling data must be downloaded and reflected in a spread sheet with the
following columns: From, To, Forward, Reverse, Difference in mm, Mean and Final
Height.

d) The analysis of the results is a critical and material aspect of the monitoring project and
where the results will be heavily scrutinized. The a-priori estimates need to match the a-
posteriori estimates to achieve a theoretical ratio of 1. Error ellipses of network and
monitoring points are necessary to determine the accuracy of point determination and to
derive the possibility of real displacements.

Presentation of results

A written report which must inter alia highlight all the findings must be submitted. The results
must be presented in such a manner that is both concise and understandable by the Client.
The results must at least include displacement lists, graphs and where applicable subsidence
contour plans. Error ellipse values of the control network as well as the monitoring points must
also be included so as to indicate the reliability of the observations and fixing of points and to
determine with a high degree of certainty the actual existence of a displacement i.e. the
possible errors in the observations shall always be less than the minimum displacement values
sought. Displacements are to be recorded in mm and contours on any subsidence contour
plans are to be recorded in accordance with the magnitude of the displacements and
accordingly contour intervals may vary from 1mm upwards.

Conclusions

The greatest care possible shall guide such monitoring surveys where the results achieved
shall meet the objectives of a monitoring project which implies and demands a rigorous
approach by the Surveyor at all times. These surveys are vastly different, when reference is
made to demanded accuracies from all surveys as described in this manual.

Further, the following is again emphasised and the Surveyor ’s attention is specifically drawn
thereto:

a) Measurements to be undertaken in the shortest possible time so as to minimise the
impact on such observations due to changing environmental/atmospheric circumstances;

b) Quality control must have been completed and the Surveyor must be fully satisfied that
sufficient and accurate observation has been taken so as to yield the required result
before the Surveyor leaves the monitoring site. Unlike with other surveys, these types of
surveys do not lend themselves to a ‘return’ visit so as to observe additional observation.
This is clearly due to the likelihood of critical and material circumstances changing;
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c)

GPS equipment may be used for the establishment of a control network and where this is
to be established over large distances and where normal terrestrial observations would
yield less accurate results, provided that only ‘static GPS’ observations are carried out
and where the results are obtained from post-processing of the GPS observations i.e. no
RTK observation shall be permitted;.
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