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Abstract: In many cases of monitoring or load testing of hydrotechnical structures, the measurement results obtained from dial
gauges may be affected by random or systematic errors resulting from the instability of the reference beam. For example, the meas-
urement of wall displacement or pile settlement may be increased (or decreased) by displacements of the reference beam due to
ground movement. The application of surveying methods such as high-precision levelling, motorized tacheometry or even terrestrial
laser scanning makes it possible to provide an independent reference measurement free from systematic errors. It is very important in
the case of walls and piles embedded in the rivers, where the construction of reference structure is even more difficult than usually.
Construction of an independent reference system is also complicated when horizontal testing of sheet piles or diaphragm walls are
considered. In this case, any underestimation of the horizontal displacement of an anchored or strutted construction leads to an un-
derstated value of the strut’s load. These measurements are even more important during modernization works and repairs of the hy-
drotechnical structures.

The purpose of this paper is to discuss the possibilities of using modern measurement methods for monitoring of horizontal dis-
placements of an excavation wall. The methods under scrutiny (motorized tacheometry and terrestrial laser scanning) have been
compared to classical techniques and described in the context of their practical use on the example hydrotechnical structure. This
structure was a temporary cofferdam made from sheet pile wall. The research continuously conducted at Wroclaw University of Sci-
ence and Technology made it possible to collect and summarize measurement results and practical experience. This paper identifies
advantages and disadvantages of both analysed methods and presents a comparison of obtained measurement results of horizontal
displacements. In conclusion, some recommendations have been formulated, which are relevant from the point of view of engineer-
ing practice.
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1. INTRODUCTION – THE NEED
TO USE GEODETIC SURVEYS

In recent years, a number of investments related to
the modernization of waterways have been made in
Poland. The purpose of these actions was to increase
the share of inland waterway transport in the overall
transportation system, which is currently based mainly
on the road and rail means. An additional purpose of
these renovation works was to increase the protection
against floods. This is a typical problem in many
European countries, where the old hydrotechnical
facilities, located especially in city centres, are too
small (they cannot contain the flood wave) and need
to be redeveloped as soon as possible.

Hydrotechnical objects are specific structures,
which are subject to a series of unfavourable factors
while operating. The most important ones include
variable pressure of water depending on the water
damming level, sudden surges resulting from rainfall
and possible unfavourable geological and soil-water
conditions that reduce stability of the structure. To
ensure safety of people, property and environment, the
hydrotechnical objects must be regularly inspected
during their operation. The aspects that need to be
controlled include the measurements of horizontal and
vertical displacements, carried out using geodetic
methods. Systematic control of the spatial position
and shape of the structure under testing in its selected
checkpoints ensures operational safety [3]. For this
reason, it is important to ensure high accuracy of the
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measurement results. To fulfil this condition, modern
measurement techniques are more frequently used and
integrated with various types of sensors recording the
state of the monitored structure.

2. SELECTED GEODETIC TECHNIQUES
FOR DISPLACEMENT DETERMINATION

OF HYDROTECHNICAL STRUCTURE

The variety of techniques gives enough space for
proper selection of an appropriate measurement tech-
nique, which depends on:
a) the features of the controlled hydrotechnical struc-

ture,
b) the scope and detail of the data required,
c) the expected values of displacements and the re-

quired accuracy of their determination,
d) the dynamics of the structure (rapidity of changes

in shape or position), which limits the duration of
a single measurement and the frequency of further
measurements).
In the following paragraphs the essential geodetic

techniques used for the determination of displace-
ments of hydrotechnical objects with particular regard
to the terrestrial laser scanning and the possibility
of integrating various measuring techniques were
described.

Geometrical precise levelling is the most popular
and the most accurate method for determination of
vertical displacements. Currently, the digital levelling
instruments are used, which perform the readouts
automatically based on the analysis of the image of
the invar bar coded rod on the staff. The typical accu-
racy reaches ± 0.3 mm per 1 km of double high-
precision levelling. In designing of levelling network
the main problem is to properly assess the zone of the
object impact. Reference benchmarks should be lo-
cated as far as possible and beyond this zone. At the
same time, long distances between reference points
increase the measurement errors. In selection of the
location of reference benchmarks also geotechnical
conditions, such as the soil type and the information
of the water table alterations, should be considered.
During the development of the periodic measurement
results, the most important step is a correct identifica-
tion of fixed reference points. In some situations re-
lated to hydrotechnical facilities, more sophisticated
calculation procedures are needed, such as robust
estimation [9].

The basic technique for determining horizontal
displacements is an angular-linear measurement per-

formed using precise electronic tachometers. Some-
times this technique is also used to determine vertical
displacements when precision levelling cannot be
applied. For the important constructions, the most
popular seems structural monitoring. That is a modern
system combining geodetic techniques with the rela-
tive measurement of displacement as well as with
various types of sensors recording the behaviour of the
structure, e.g., typical inclinometers, high-precision
electronic inclinometers, piezometers. This system
makes it possible to automatically record the state of
the structure at predefined time intervals. After auto-
matic calculation, the obtained values of displacement
are compared with the permissible values (with the
possibility of automatic alarm signalling), visualized
and sent remotely to relevant supervisory bodies. The
main components of the system are the motorized
electronic total stations, which have the function of
the automatic target detection (indicated by geodetic
prisms). The total stations are usually placed at the
fixed reference points, in special glazed containers
equipped with air conditioning and the source of
power supply. Those containers protect the instrument
from the changing weather conditions and enable its
continuous operation [5].

Subsequent technique for displacement determi-
nation is the GNSS positioning, which is especially
suitable for very large areas. This technique may be
used separately or be a part of structural monitoring
for the control of total station stability in relation to
other reference points. The GNSS receivers operating
in static mode are usually placed at the reference
points in order to control the stability of their position.
If stability of the tacheometric stations cannot be en-
sured, the stations are integrated with the GNSS re-
ceivers in order to record their position [12]. The re-
ceivers operating in the RTK mode are also installed
at the key control points, where they enable the re-
cording of the dynamic changes of the structure even
at the intervals smaller than one second [13].

Some aspects of combining measurement tech-
niques and designing continuous monitoring system
for Hydro Power Dams are widely described in [11].
The author have shown a simulation of the combina-
tion of three GNSS receivers with two total stations.
Next, the number of GNSS receivers and/or total sta-
tions was reduced. Along with the decreasing amount
of instruments, the accuracy of displacement value
determination also decreases. The combination of
GNSS data and precise levelling data collected from
geodetic monitoring of dam in Greece is shown in [4].
That dam is located within the seismically active area
of central Greece. This network consists of 17 GNSS
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receivers established on the dam body and 4 receivers
established at selected points on the ground sur-
rounding the dam. The precise levelling was per-
formed to provide displacements for 17 pillars located
along the crest of the dam.

Terrestrial laser scanning is another measuring
technique whose importance in engineering practice
has been growing. It is a rapidly evolving technology
that enables measurement of up to one million points
per second. For the ScanStation C10 scanner manu-
factured by Leica Geosystems, a prism rotates along
horizontal axis and sends the impulses of a laser beam
which are reflected from the measured structure. Si-
multaneously, the scanner rotates along vertical axis
with a predetermined steps. For each impulse the re-
flectorless measurement of the distance is taken, and
the horizontal and vertical angles are measured. The
accuracy of the single point location at the distance up
to 50 m amounts to ± 6 mm. The accuracy of the an-
gle measurement amounts to 60 microradians and for
distance measurement respectively ± 4 mm. The accu-
racy of the surface modelled based on the point cloud
is equal to ± 2 mm. The density of point cloud is de-
fined in the horizontal and vertical direction for the
plane located at a given distance from the scanner.
Most scanners are equipped with a high-resolution
digital camera with an automatic zoom, which takes
the photos of the structures under survey. It enables
the archivisation of the state of the structure (also the
object’s temperature when the thermal cameras are
used), and their realistic visualization. In the case of
large structures, the separate scanner stations are con-
nected by means of scanning the tie points indicated
by special targets. It is recommended to use points
from the geodetic network as the linking points.

In the case of hydrotechnical objects, the terrestrial
laser scanning is used mainly for testing the large dam
deformation, for estimation of concrete conditions [14]
or for the assessment of roughness parameters [7].
The study by Zogg [15] provided an example of using
scanning in the so-called reverse engineering under-
stood as obtaining information about the geometry
of the existing facility (dam overfall construction) in
the absence of design documentation. Another exam-
ple of using this technology is application of scanning
to measure the geometry of river embankments de-
scribed in the study [6]. Despite relatively small accu-
racy of determining the position of a single point, the
laser scanning has great advantage. It enables regis-
tration of the condition of the whole structure. In a short
time it is possible to obtain a fully metric, three-
-dimensional model of a hydrotechnical structure (see:
[10]). What is also important, this technique is remote

and usually does not require contact with the object
under testing. Due to additional targets mounted on
the checked structure it is possible to control dis-
placement of selected points with a better accuracy
(about ±2 mm).

Modern techniques of surveying may be used for
fast and reliable measurement of displacement of
many points in terms of pile testing [1], [2]. The role
of those techniques becomes crucial when thermal
factors (due to insolation) and the movements of the
ground around the pile under testing at the terminal
phase of test affect the results of traditional dial gauge
measurements. The application of terrestrial laser
scanning and other geodetic methods leads to a fast
control of many points (Fig. 1). That seems to be crucial
if the results are expected to be free from systematic
errors related to climate conditions, ground move-
ments and dynamic influence of works in the proxim-
ity of the performed test. It is also very important
when the test is assembled in water and the construc-
tion of a reference beam is almost impossible, which
is especially relevant for hydrotechnical structures.

Fig. 1. Application of terrestrial laser scanning to control
the vertical displacements

during the self-balanced pile capacity testing

3. BASIC INFORMATION
ABOUT TESTED RESEARCH FACILITY

The application of modern measurement tech-
niques is recommended and successfully implemented
for new hydraulic facilities and for old structures
during their operation. Some problems arise when the
structure is being upgraded and the construction
works are being carried out. Following stages of the
modernization works and the use of heavy machinery
require the current adaptation of measurement net-
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work shape and new arrangement of instrument
stations. The purpose of this paper is to show the
possibilities of using the modern measurement tech-
niques in such situation. Particular emphasis will be
placed on the assessment of terrestrial laser scanning
accuracy in difficult terrain conditions. As a research
object, the southern Rędzin sluice was chosen. It
is situated on the Odra River, in the city of Wrocław,
in the south-western part of Poland (Fig. 2). The
facility construction works were carried out as part
of the Wrocław Floodway modernisation to protect
it against flooding. The southern Rędzin sluice was
built between 1914 and 1917. It is a clay, single
chamber sluice with the following technical pa-
rameters:
a) usable height of the chamber and downstream lock

head: 8.20 ÷ 8.55 m,
b) usable height of the upstream lock head: 9.80÷

10.50 m,
c) length of the construction: 227.70 m,
d) width of the construction: 21.00÷27.50 m,
e) capacity: about 45 100 m3.

One of the stages of modernisation works was the
construction of a new, additional upstream lock head
(adjacent to the existing head) with a segment gate.
New upstream lock head was constructed under the
cover of a temporary cofferdam, constructed of steel
sheet piles and adjacent to the existing upstream lock
head. For the construction of the cofferdam, GU
16-400 sheet piles were used, made of S270 GP steel
and 17.0 m long. The wall of the cofferdam was an-
chored at the bottom (in the ground) and spread from
the inside on two levels of steel pipes with a diame-

ter of 610 mm (upper strut) and 813 mm (bottom
strut).

4. THE SCOPE OF GEODETIC
MEASUREMENTS

The scope of surveys discussed in this paper en-
tailed the determination of horizontal displacements of
cofferdam in a few selected sites:
a) near the inclinometric pipes,
b) at the ends of struts,
c) in selected places of steel sheet piles.

The surveying began with stabilising the points
that made up the geodetic network, which consisted
of six reference points, four directional points and
eighteen check points. A sketch of measurement
network with numbers of points for the 2nd check
survey is shown in Fig. 3. For the purposes of this
work, nine measurement campaigns were carried out.
The dates and the environmental conditions in which
the measurements were performed are summarized in
Table 1.

Geodetic measurements were made independently
with the use of motorized electronic total station (TS)
and Leica ScanStation C10 laser scanner. The initial
measurement was made using Leica TS15 total sta-
tion, while all the next ones were made using Trimble S3
total station. During each measurement (throughout the
period it was made), the reference points were indicated
by prisms or scanner targets mounted on tripods. Each
measurement of a reference point (made by means of

Fig. 2. The research facility: southern Rędzin sluice situated on the Odra River in Wrocław
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total station) was performed using the so-called three
tripods method (when all the tribrachs remain centred

on tripods, while a prism and the instrument are ex-
changed in all possible combinations). The check points
were indicated with reflective sheet target.

Initially, measurements of check points were per-
formed using stabilised reference points as instrument
stations (P5 and P6). Later, when these stations were
destroyed, the measurements were performed from
non-stabilised stations, using the method of resection
for reference points. All total station measurements
were performed in at least two measurement sets, using
the automatic targeting on points indicated by the
prisms. Check points were manually targeted. Distance

Table 1. The dates and the environmental conditions of surveying campaigns
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Initial
survey

September 3,
2013 after assembling the upper frame and corner struts 22 1019 13 NW

1st check
survey

September 5,
2013

after assembling all the upper struts and lowering the
water table 24 1021 5 E

2nd check
survey

September 20,
2013 after assembling a set of struts on the lower level 16 1014 7 W

3rd check
survey

October 25,
2013

after partially digging out inside the chamber below
the lower struts and simultaneously after besprinkling
the southern side wall of the cofferdam from the outside

18 1004 7 SE

4th check
survey

November 15,
2013 after completely digging out inside the chamber 8 1010 2 E

5th check
survey

December 27,
2013 preparation for concreting the bottom plate 8 992 9 SW

6th check
survey

January 10,
2014 after pouring the bottom concrete plate 8 996 24 W

7th check
survey

February 14,
2014 the beginning of concreting the walls of the new lock head 7 992 16 W

8th check
survey

February 24,
2014 halfway through the concreting walls of the new lock head 9 1005 9 SE

Fig. 3. Sketch of geodetic network with numbers of points
– the 2nd check survey

Fig. 4. Sketch of chosen points localisation
– the 1st check survey
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to all measured points were checked twice, with each
targeting.

Measurements with terrestrial laser scanner (TLS)
were usually performed using two or three stations.
The nominal density of the scanning in the distance of
30.0 m was identical in both directions and equal
to 18 mm. The entire interior of the chamber was
measured from every station, which ultimately en-
abled a higher density of measured points. Scanner
stations were combined separately for each measure-
ment period based on common points (targets). In
each measurement, three scanner targets were used
and placed in reference points, and three to five tar-
gets were temporarily stuck to the structure under
scrutiny. Laser scanner measurements were performed
only for first four campaign.

5. PERFORMED TESTS AND ANALYSIS
OF MEASUREMENT RESULTS

For each measurement period, the results ob-
tained from the total station were processed and pre-
adjusted using the least squares method according to
a general formula describing functional model (1)
where: V – vector of corrections, A – matrix of coeffi-
cient, h – vector of unknowns parameters, L – vector
of free terms, P – weight matrix.

PLAhV , . (1)

Pre-adjustments were performed with constraint to
the minimum number of reference points (one refer-
ence point and one direction). It made it possible to
check the consistency of observational material and
to prepare to the process of identifying fixed points of
reference. This process was carried out using 2D
Helmert transformation without changing the scale
(the so-called search transformations). The general
transformation error represents the matching quality
between the “physical realization” of the reference
system in each successive periodic measurement (after
rejecting the unstable points) and the “physical reali-
zation” of the reference system from the initial meas-
urement. For example, for the first three periodic
measurements, the transformation errors were as fol-
lows: 0.6 mm, 1.0 mm and 1.5 mm. After identifying
the fixed reference points for each measurement pe-
riod, the final angular-linear network adjustment was
performed using the least squares method. The values
of minimum, maximum and the average error of the
horizontal position of the check points after the ad-
justment were juxtaposed in Table 2. A little lower
accuracy obtained from the 3rd check survey was
a result of difficult measuring conditions.

On the basis of the final coordinates (calculated
from tacheometry observations) of the check points
from each measurement periods, horizontal displace-

Table 2. The minimum, maximum and the average error of the horizontal position
of the check points after adjustment

Survey

initial check2D mean error
[mm]

0 1st 2nd 3rd 4th 5th 6th 7th 8th
min 0.5 0.5 0.4 1.1 0.8 0.8 0.8 0.9 0.8
max 1.0 1.1 1.1 1.6 1.3 1.3 1.4 1.3 1.3
avg 0.7 0.7 0.7 1.4 1.0 1.1 1.1 1.1 1.1

Table 3. The horizontal displacements of the check points located near to inclinometric pipes
and calculated on the basis of the total station measurements

1st check survey 2nd check survey
No. of

check point Δx
[mm]

mΔx
[mm]

Δy
[mm]

mΔy
[mm]

Δx
[mm]

mΔx
[mm]

Δy
[mm]

mΔy
[mm]

1 –18.8 0.6 0.5 0.8 –20.7 0.5 1.9 0.8
2 –19.5 0.4 2.2 0.7 –21.7 0.4 4.6 0.7
3 –14.3 0.7 3.5 0.4 –13.7 0.7 8.1 0.4
4 –12.1 0.9 0.4 0.5 –11.4 0.9 3.8 0.5
5 –9.6 0.9 7.5 0.5 –9.1 0.9 9.4 0.5
6 –10.6 0.7 5.6 0.5 –10.8 0.7 4.7 0.4
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ment values were calculated. Table 3 presents hori-
zontal displacements for check points located near
inclinometric pipes (points no. 1–6). Table 4 presents
horizontal displacements for check points located on
the struts (points no. 12–19). Table 5 presents hori-

zontal displacements for check points located on the
sheet pile wall (points no. 8–11). During the con-
struction work some check points were damaged and
then re-stabilized. Those points have number with
suffix “a”.

3rd check survey 4th check survey
No. of

check point Δx
[mm]

mΔx
[mm]

Δy
[mm]

mΔy
[mm]

Δx
[mm]

mΔx
[mm]

Δy
[mm]

mΔy
[mm]

1 –23.7 0.8 –3.6 1.5 –27.4 0.7 –2.7 1.3
2 –24.7 0.8 0.2 1.5 –28.0 0.7 –1.0 1.2
3 –17.8 0.9 –6.2 0.9 –23.8 0.8 –32.3 0.7
4 –14.6 1.1 –10.6 1.2 –21.7 0.8 –34.9 0.8
5 –15.2 1.1 –6.2 0.9 –24.7 1.0 –23.6 1.0
6 –16.8 0.9 –11.7 0.9 –26.1 0.8 –26.1 0.7

5th check survey 6th check survey
No. of

check point Δx
[mm]

mΔx
[mm]

Δy
[mm]

mΔy
[mm]

Δx
[mm]

mΔx
[mm]

Δy
[mm]

mΔy
[mm]

1 –28.2 0.9 2.6 1.1 –29.3 1.1 –10.8 1.1
2 –28.1 0.9 2.4 1.0 –28.9 0.7 –11.4 0.9
3 –27.7 0.8 –42.1 0.6 –26.9 0.8 –40.9 0.7
4 –25.4 0.8 –43.9 0.7 –26.2 0.9 –40.6 0.7
5 –30.0 0.9 –24.3 0.9 –31.8 1.1 –22.3 1.1
6 –30.9 0.9 –24.9 0.9 –31.9 0.9 –22.9 0.7

7th check survey 8th check survey
No. of

check point Δx
[mm]

mΔx
[mm]

Δy
[mm]

mΔy
[mm]

Δx
[mm]

mΔx
[mm]

Δy
[mm]

mΔy
[mm]

1a n.a. n.a. n.a. n.a. 0.4* 1.0* 4.6* 1.1*
2a n.a. n.a. n.a. n.a. 0.7* 1.1* 4.2* 1.1*
3 –29.8 0.8 –42.7 0.8 –30.6 1.1 –39.6 0.8
4a n.a. n.a. n.a. n.a. 0.7* 1.1* 4.5* 1.5*
5a n/a n.a. n.a. n.a. 0.3* 1.1* –4.0* 1.4*
6a n/a n.a. n.a. n.a. 0.2* 1.0* –5.0* 1.2*

* – the values of displacements and the mean errors for new check points (marked by suffix “a”) calculated with re-
spect to 7th check survey treated as the initial survey.

n.a. – not available.

Table 4. The horizontal displacements of the check points located on the struts
and calculated on the basis of the total station measurements

1st check survey 2nd check survey
No. of

check point Δx
[mm]

mΔx
[mm]

Δy
[mm]

mΔy
[mm]

Δx
[mm]

mΔx
[mm]

Δy
[mm]

mΔy
[mm]

12 –17.1 0.7 2.9 0.4 –20.3 0.7 5.5 0.4
13 –10.6 0.7 3.4 0.5 –15.3 0.7 4.1 0.4
14 –18.2 0.7 2.8 0.4 –20.8 0.6 5.3 0.3
15 –11.9 0.7 1.7 0.4 –16.6 0.7 2.2 0.4
16 –17.2 0.6 –0.4 0.9 –19.6 0.6 1.7 0.9
17 –12.0 0.6 2.0 0.4 –16.7 0.6 2.4 0.3
18 –18.7 0.6 3.0 1.3 –20.2 0.6 5.5 1.3
19 –11.9 0.6 2.4 1.3 –16.4 0.5 0.2 1.1
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3rd check survey 4th check survey
No. of

check point Δx
[mm]

mΔx
[mm]

Δy
[mm]

mΔy
[mm]

Δx
[mm]

mΔx
[mm]

Δy
[mm]

mΔy
[mm]

12 –23.0 0.9 –4.9 0.9 –27.1 0.8 –17.1 0.7
13 –23.7 0.9 –8.2 0.9 –28.1 0.8 –21.7 0.7
14 –23.1 0.9 –4.7 0.9 –25.5 0.7 –15.7 0.6
15 –24.4 0.9 –9.1 0.9 –29.3 0.7 –21.4 0.7
16 –21.5 0.9 –5.2 1.6 –22.9 0.7 –13.5 1.2
17 –24.5 0.9 –5.1 1.3 –29.2 0.7 –14.8 0.6
18 –21.9 0.8 1.4 1.7 –23.3 0.6 0.2 1.4
19 –24.4 0.7 –4.2 1.5 –27.6 0.7 –6.6 1.4

5th check survey 6th check survey
No. of

check point Δx
[mm]

mΔx
[mm]

Δy
[mm]

mΔy
[mm]

Δx
[mm]

mΔx
[mm]

Δy
[mm]

mΔy
[mm]

12 –26.5 1.1 –19.4 0.7 –26.9 0.9 –24.5 0.7
13 –27.7 0.9 –22.8 0.9 –29.1 0.9 –29.3 0.7
14 –26.6 0.8 –15.7 0.6 –28.5 1.3 –21.5 0.6
15 –29.2 0.8 –21.0 0.9 –30.3 0.9 –27.6 0.7
16 –23.9 0.8 –12.1 1.1 –23.4 1.2 –16.8 1.1
17 –29.2 0.6 –12.9 0.8 –29.9 0.7 –19.0 0.6
18 –24.4 0.6 2.3 1.3 –23.0 0.7 –0.9 1.5
19 –27.9 0.6 –5.3 1.2 –28.7 0.6 –9.6 1.3

7th check survey 8th check survey
No. of check

point Δx
[mm]

mΔx
[mm]

Δy
[mm]

mΔy
[mm]

Δx
[mm]

mΔx
[mm]

Δy
[mm]

mΔy
[mm]

12 –28.8 0.8 –26.1 0.8 n.a. n.a. n.a. n.a.
13 –32.1 1.1 –32.0 0.8 n.a. n.a. n.a. n.a.
14 –27.4 0.8 –23.1 0.7 n.a. n.a. n.a. n.a.
15 –32.4 1.1 –29.8 0.8 n.a. n.a. n.a. n.a.
16 –24.8 0.8 –17.8 1.1 n.a. n.a. n.a. n.a.
17 –33.5 1.1 –20.8 0.7 n.a. n.a. n.a. n.a.
18 –25.5 0.7 –2.8 1.5 n.a. n.a. n.a. n.a.
19 –31.2 0.7 –10.2 1.5 n.a. n.a. n.a. n.a.

n.a. – not available.

Table 5. The horizontal displacements of the check points located on the cofferdam wall
and calculated on the basis of the total station measurements

1st check survey 2nd check survey
No. of

check point Δx
[mm]

mΔx
[mm]

Δy
[mm]

mΔy
[mm]

Δx
[mm]

mΔx
[mm]

Δy
[mm]

mΔy
[mm]

8 –18.2 0.9 0.6 0.6 –24.9 0.9 3.3 0.6

9 –16.1 0.8 0.3 0.6 –22.7 0.8 1.5 0.6

10 –24.1 0.9 1.6 0.6 –29.9 0.9 0.1 0.6

11 –10.0 1.1 12.5 0.6 n.a. n.a. n.a. n.a.
3rd check survey 4th check survey

No. of
check point Δx

[mm]
mΔx
[mm]

Δy
[mm]

mΔy
[mm]

Δx
[mm]

mΔx
[mm]

Δy
[mm]

mΔy
[mm]

8a –20.2* 1.1* –7.9* 0.9* –23.7* 0.9* –16.0* 0.8*
9a –3.5* 1.0* –9.4* 0.9* –6.0* 0.9* –20.6* 0.7*

10a –3.7* 1.1* –8.0* 1.0* –3.8* 0.9* –19.8* 0.8*
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Preparation of data obtained from terrestrial laser
scanning consisted in pre-treatment of clouds of
points (including the purification of point cloud).
Then, combination of various scanner stations (the so-
called clouds registration) were performed, separately
for each measurement period. Point clouds were com-
bined within the local coordinate system of the se-
lected scanner station (the so-called free registration),
based on the common targets. Next, the appropriate
georeference was given to be able to compare the
results from the total station and from the scanner.
This step a is so-called nested registration and de-
pends on transforming the combined clouds to the
coordinate system of the total station (represented by
three scanner targets, located on the reference points
with known coordinates). The accuracy of both regis-
trations (the free and the nested one) is presented in
Table 6.

Table 6. Mean absolute error of subsequent registration [mm]

Measurement Initial 1st check 2nd check 3rd check
Free registration 2 1 1 1
Nested registration 2 3 2 1

To be able to compare the displacement values of
the cofferdam in chosen points using data from the
scanner, the scanner targets should have been perma-
nently stuck in this points. Unfortunately, the appro-
priate targets stuck during the initial measurement
were soon damaged. The only solution was to model
some parts of struts construction on the basis of point
clouds (Fig. 5a). The X axis of coordinate system was
approximately parallel to the frame of sheet pile wall.
For determining horizontal displacements in Y direc-
tion, some chosen parts of the upper frame were mod-
elled (Fig. 5b) by fitting (by means of the least
squares method) a planar patch in selected group of
points near the check points (from 0.5 m to 0.9 m).
The Y axis of coordinate system was approximately
parallel to the struts. For determining horizontal dis-
placements in X direction some chosen parts of the
steel pipes were modelled (Fig. 5b) by fitting (using
the least squares method) a strip of cylinder with a width
of 5 cm. For each check point, the changes in location of
the cylinder centre in different measurement periods
were considered as the displacement in the direction
of the X axis. Similarly, the changes in location of the
plane along the Y axis were taken as the displacements

5th check survey 6th check surveyNo. of
check point Δx

[mm]
mΔx
[mm]

Δy
[mm]

mΔy
[mm]

Δx
[mm]

mΔx
[mm]

Δy
[mm]

mΔy
[mm]

8a –22.9* 1.2* –18.1* 0.9* –28.8* 1.1* –21.4* 0.9*
9a –4.8* 1.2* –23.4* 0.9* –3.2* 1.0* –28.2* 0.7*

10a –4.2* 1.2* –23.2* 0.9* –2.6* 1.1* –26.4* 0.8*
7th check survey 8th check surveyNo. of

check point Δx
[mm]

mΔx
[mm]

Δy
[mm]

mΔy
[mm]

Δx
[mm]

mΔx
[mm]

Δy
[mm]

mΔy
[mm]

8a –32.7* 1.0* –22.3* 0.9* –86.4* 0.9* –24.4* 0.7*
9a –5.3* 0.9* –29.6* 0.8* –98.3* 0.9* –29.7* 0.7*

10a –5.5* 1.0* –28.1* 0.9* –58.7* 1.0* –30.3* 0.9*

* – the values of displacements and the mean errors for new check points (marked by suffix ‘a’) calculated with re-
spect to 2th check survey treated as the initial survey.

n.a. – not available.

(a) (b) 

Fig. 5. The view of the point cloud from the 1st check survey (a) and the idea of point cloud modelling (b)
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in this direction. The values of horizontal displace-
ments on the basis of the terrestrial laser scanning
measurements are juxtaposed in Table 7. According to
the technical specification of the scanner, the accuracy
of fitting the theoretical model into the point cloud is

about ±2 mm in good conditions. Thus, the accuracy
of the displacement determination can be estimated as
±3 mm for each coordinate.

At this stage it is possible to calculate deviations
between the values of horizontal displacements ob-

Table 7. The values of horizontal displacements of strut’s ends on the basis of the terrestrial laser scanning measurements

1st check survey 2nd check survey 3rd check survey

displacements [mm] displacements [mm] displacements [mm]
Vicinity

of check points
number ΔX ΔY ΔX ΔY ΔX ΔY

12 –18.9 4.4 –22.1 4.4 –25.2 –5.8
13 –13.7 5.3 –18.1 4.5 –27.4 –5.1
14 –18.9 3.5 –22.0 3.5 –24.0 –6.2
15 –10.8 3.5 –15.0 2.7 –23.8 –6.4
16 –17.3 4.1 –20.6 3.8 –24.3 –2.7
17 –12.4 3.3 –14.1 1.6 –26.5 –3.0
18 –19.0 4.8 –20.7 4.8 –25.2 1.1
19 –11.7 4.6 –14.2 2.6 –26.9 –0.1

Fig. 6. Deviations of horizontal displacement values along X axis

Fig. 7. Deviations of horizontal displacement values along Y axis
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tained from modelling of point clouds and calculated
from the total station measurements. These devia-
tions (with mean errors) are presented separately for X
and Y axes in Figs. 6 and 7.

Horizontal displacement values calculated based
on total station measurements can be regarded as more
reliable, although they were made with unfavourable
angles of the laser beam reflection in reflectorless mode.
The accuracy of the point cloud model depends not only
on the scanner’s noise but also on the “regularity” of the
modelled shape. Additionally, the modelled plane is lo-

cated at some distance from check point, and the value
of displacement is also affected by the vulnerability
of the connection between frame and strut. However,
the deviations of displacement components are rather
small and do not exceed ±4 mm along the X axis and
±5 mm along the Y axis. The significant part of the
deviation values (87%) is within ±3 mm.

Another way to use point clouds from two measuring
epochs is to directly compare them and calculate the
absolute distances between points from both epochs.
These distances cannot be considered as displacement,

Fig. 8. Absolute distances along X axis [mm] between initial and 1st check survey (calculated method: cloud to cloud)

Fig. 9. Absolute distances along Y axis [mm] between initial and 1st check survey (calculated method: cloud to cloud)
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but indicate a change in the shape and/or position of the
structure elements. The results of such comparison be-
tween the point cloud from the initial survey and the 1st
check survey are presented in Figs. 8 and 9. The reli-
ability of the obtained results depends largely on the
quality of the two cloud points. Similar density of
points in the clouds, lack of empty areas and lack of
disruptions and covers are very desirable.

6. CONCLUSIONS

The results of the study confirm that terrestrial la-
ser scanning can be used successfully to determine
horizontal displacements of hydrotechnical structures.
Even under unfavourable distribution of instrument
stations in terms of geometry, which usually occurs in
hydraulic engineering facilities, it is possible to obtain
the accuracy of cloud’s registration at the level of indi-
vidual millimetres. It is recommended to make a regis-
tration based only on geodetic points with known
coordinates which were determined by means of pre-
cise total station’s measurements. When the number
of these points is too small to directly register every
station of the scanner, the tie points with local coordi-
nates or even characteristic points on the structure can
be used. Then the second registration is necessary to
reach the desired coordinate system. Using a two-steps
clouds’ registration, greater control over the accuracy
of this process can be obtained, which enables check-
ing the possible systematic errors of measurements
made then using the scanner.

The value of deviations in components of hori-
zontal displacements between the results obtained
from the scanner and from the total station (from initial
to 3rd check survey) do not exceed ±5 mm. It should be
noted that for the first four measurement campaigns,
the environmental conditions prevailing during the
measurement were very similar. The obtained results
are comparable to the author’s previous research on
the modelling of planes around inclinometer pipes on the
same hydrotechnical object [9]. Precise tacheometry
ensures higher accuracy, however the above-mentioned
±5 mm is a relatively small value compared to the
absolute values of displacements reaching up to 33 mm
(for the 7th check survey).

The biggest advantage of using terrestrial laser
scanning is the possibility of receiving the geometry
of the whole cofferdam surface. Comparing two point
clouds from different time periods, the changes of the
object shape and the “displacements” can be deter-
mined if the same reference system is kept for both
point clouds. The absolute distances (calculated by

means of “cloud to cloud” method in CloudCompare
software) give generally comparable results with dis-
placement components from tacheometry. Consider-
ing the horizontal displacements along the X axis for
1st check measurement, the right side of the struts on
Fig. 8 is marked in light green (about – 12 mm on the
scale bar) and the left side has a colour between green
and blue (about – 20 mm on the scale bar). These
values are similar to the results of classical measure-
ments. The check points with an odd numbers located on
the right ends of struts (Fig. 3) have X component of
displacements ranging from –10.6 mm to –12.0 mm).
The check points on the left ends of the struts (even-
numbered) have X component of displacements rang-
ing from –17.1 mm to –18.7 mm. Considering the
horizontal displacements along Y axis for the same
measurement period, both ends of the struts marked
yellow or orange, which corresponds to the values of
absolute distances between 0 and 2 mm. The same
component calculated from the tacheometry for check
points no. 12–19 has a values from –0.4 mm to 3.4 mm.
Analogical compatibility can be found for control
points located near inclinometer pipes (Table 3) and
located on the front wall of cofferdam (Table 5) com-
pared to the results shown in Figs. 8 and 9.

In the case under study, the model of scanner
which was applied dealt with high humidity and wet
or rusted surfaces of the sheet piles. Despite that,
differentiation in the surface condition of sheet
piles is visible in changing of intensity of the re-
corded laser signal. It is worth emphasizing that the
biggest problems with modelling may occur when
we have blank areas or some contaminations in the
point clouds.
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