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1. Introduction, purpose and scope of work
Jan Gocał, Rafał Kocierz, Przemysław Kuras, Łukasz Ortyl, Tomasz Owerko

The microwave interferometry technique, widely used to study changes in land surface 
elevation based on satellite images, has also been used in the ground-based surveying of dis-
placements. Due to the high frequency of recording the location of the observed points, as 
well as high resolution and accuracy, it can become an alternative method for the currently 
used surveying techniques: classic surveying, satellite and sensor techniques – which have 
limitations and imperfections. An implementation of the ground-based microwave interfer-
ometry technique is the IBIS system, created by the Italian company IDS. The ground-based 
interferometric radar, constituting an essential element of the system, allows for a non-inva-
sive survey of the displacements of building structures.

The operating principle of the radar system is based on observation of the surface, not 
of points. The radar transmits a wide beam that illuminates the analyzed part of the structure. 
The reflected signal is subject to recording and allows for the simultaneous determination 
of displacements of elements, which reflect the radar beam with high accuracy. The spatial 
position of points of the structure is represented in one (IBIS-S version) or two (IBIS-L) 
dimensions, and the observed space may contain a large number of reflecting points. These 
properties lead to the problem of the ambiguous location of points on the test structure. Thus, 
the interferometric radar is a device that gives a high precision of displacement determination 
without the distinct location of the observed points.

The purpose of this monograph is to present the results of the studies that were conduct-
ed, in order to assess the potential, and to formulate the rules (conditions) for determining 
the vibrations and displacements of civil engineering structures with the use of ground-based 
radar interferometry.

The reason for undertaking research on the modern surveying technology are the words 
of Professor Lazzarini: “The current surveying technique uses not only the traditional instru-
ments, but increasingly adapts instrumental concepts of modern physics, so that the definition 
of determining displacements using surveying methods should not imply restrictions as to the 
selection or development of the construction concepts of surveying instruments, nor to the 
surveying methods and calculations, but it should emphasize the geometric nature of the ob-
tained results, proper to the surveying technique” (Lazzarini et al., 1977). According to these 
words, the solution proposed by the manufacturer may lead to the introduction of a method for 
surveying displacements of a new quality in place of the methods previously used in engineer-
ing surveying. It can also be extended by the issue of determining vibrations. Popularization 
of the new instrument should, however, be preceded by some basic research into its real sur-
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veying possibilities. The accuracy, range and resolution of the device require verification. The 
work will present surveying procedures to verify the above quantities, determine their actual 
value based on practical tests, and determine the suitability of the device for the surveying 
of vibrations and displacements of building structures.

The study was carried out within the research project No. N N526 158838 titled: “De-
velopment of principles for determining vibration and displacement of engineering structures 
using radar interferometry”, funded in the years 2010-2013 by the Ministry of Science and 
Higher Education.

Chapter Two of this monograph tackles the question of static and dynamic displace-
ments which the engineering structures are subject to, and the methods of their analysis. The 
basic definitions of the terms used hereinafter are introduced, and types of loads causing 
the displacement and deformation of structures are presented. Particular attention is paid to 
the explanation and description of the vibrations of mechanical systems. The paper presents 
dynamic characteristics of the structures, such as the values used to describe their dynamic 
properties. In addition to the physical basis of the phenomenon of vibration, the manner 
of its reproduction using a digital signal is also described. This chapter also contains basic 
information related to digital signal processing, which is necessary for the development of the 
results of dynamic surveys.

Chapter Three introduces the issue of determining the displacement and vibration 
of building structures in order to assess their condition and safety of use. The studied phenom-
ena have been divided into two groups: static displacements and fast-changing vibrations. The 
expediency of surveying static displacements and vibrations is demonstrated by reference to 
civil engineering regulations and technical literature. The requirements for carrying out static 
displacement surveys for bridges and tall structures are described. Furthermore, a wide range 
of dynamic tests to be carried out on buildings, bridges and tall structures with an elongated 
shape, are specified. Basic information related to the surveys of building structure vibrations 
are defined in terms of the possibility of determining them by using various surveying tech-
niques. The last part of the chapter summarizes the currently applied methods for measuring 
displacements and vibrations. Both classic surveying methods and tools, as well as methods 
using physical sensors are described.

Chapter Four discusses the operating principles and work of the IBIS ground-based 
interferometric radar. The explanation of the system operation is preceded by a discussion 
of the basis of echolocation systems and a review of modern radar applications for studying 
displacements. The chapter also discusses the physical construction of the device, the form 
of the transmitted signal, and the type of antenna used. The manner of conducting the survey 
and the procedure for processing data from the IBIS-S system are explained in detail. It also 
includes concise rules concerning how to use the IBIS-L system.

Chapter Five deals with the impact of physical factors on the functioning of the system. 
The introduction lists the factors determining the performance of the radar system based on 
specialized literature. Then, the results of the experiments designed to determine the effect of the 
atmosphere and the type of reflecting surface of the device are presented. The range and resolu-
tion of the microwave radar, as declared by the manufacturer, have been empirically checked. In 
addition, the stability of the signal in time and the patterns of radar antennas have been verified.

Chapter Six is devoted to a detailed assessment of the accuracy of the IBIS interfero-
metric radar. The accuracy of the system in the IBIS-S version, declared by the manufacturer, 
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has been verified by comparison with a laser interferometer, precision total station and a laser 
vibrometer. Moreover, the precision of the IBIS-L version of the system has been examined, 
in a comparative test with an electronic caliper gauge. In addition, the research comprises the 
precision of determining the vibration frequency with the IBIS system by comparison with 
a laser vibrometer. All the experiments described in Chapters Five and Six were conducted on 
specially prepared field test bases and real engineering structures. Comparative studies were 
carried out using the surveying tools and techniques discussed in Chapter Three.

Chapter Seven is devoted to the methodology of determining static displacements and 
vibrations of bridge structures using radar interferometry. The results of the surveys and 
analyses using numerous examples of bridge structures are shown. The studies have been 
conducted using both load tests and operational loads. Particular attention has been paid to 
the requirements of civil engineering regulations, specifying a need to determine the dynamic 
characteristics of bridge structures.

Chapter Eight tackles the problem of surveying static and dynamic displacements, as 
well as determination and analysis of vibrations of tall structures, using the IBIS-S inter-
ferometric radar. The methodology of the surveys is explained using the example of several 
typical experiments. The results of field surveys and the results of the analyses based on daily 
observations of static displacements of industrial smokestacks and telecommunication masts 
are discussed. In addition, an analysis of the material collected during the test surveys of the 
industrial stacks, masts and shaft towers is carried out, aimed at determining the natural fre-
quency of the test structures.

Chapter Nine identifies the usefulness of the IBIS-L interferometric radar for moni-
toring water dams. Methods of selecting positions for the observations in order to optimize 
the surveys are analyzed. Moreover, the significant impact of atmospheric conditions on the 
observation results is discussed.

All of the examples presented in Chapters Seven, Eight and Nine deal with the issue 
of verifying the IBIS radar surveying capabilities for measuring displacements and vibrations 
of building structures, taking into account real field conditions. A great deal of the presented 
results have been confronted with the alternative, currently used surveying methods, with 
particular focus on the advantages and drawbacks of microwave radar interferometry.
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2. Static and dynamic displacements 
with elements of the methods 
of their analysis

Tomasz Owerko, Rafał Kocierz, Łukasz Ortyl, Przemysław Kuras

2.1. Introduction
Any building, structure or part thereof is subject to numerous external and internal fac-

tors, which result in geometric and structural changes.
Any physical actions that change the state of the structural system, causing stress, defor-

mation, displacement (these terms will be defined below), or cracking, are called loads. When 
strictly defining a load, it is said that it is a generalized force or a set of forces, concentrated 
or distributed, acting on the structure directly (e.g. a set of forces applied directly to the struc-
ture), and indirectly by forcing or limiting deformations of the structure (e.g. differences in 
subsidence or temperature changes).

One of the main divisions of loads is their classification with respect to their variation 
with time. They are as follows:

1. Permanent loads (sometimes called mechanical) – the value, direction and location 
of which remain time constant. Examples of such influences include, for example, dead 
load of the structure, soil pressure or load from pre-stress of the structure, etc.

2. Variable loads – whose parameters vary with time. These are primarily technological loads 
(e.g. resulting from the use of a structure) which are dependent on the function of the 
structure and the manner of its use, as well as environmental ones, depending on the envi-
ronment in which the structure is located (for example, snow load or wind effects).

3. Accidental (unique) loads – usually caused by vehicle impacts, explosions, fires, floods, 
seismic impacts and any other random cases.
According to the EN 1990:2002 standard, due to the nature of the impact variability 

and/or response of the structure, static and dynamic effects are distinguished. Static effects 
are those which do not induce significant acceleration of the structure or its components, and 
hence – inertia forces in the structure. On the contrary, dynamic effects cause significant ac-
celeration, i.e. inertia forces as well, which lead to the strain of structural elements.

2.2. Displacements

Any geometric changes resulting from active loads are called displacements or deforma-
tions. Following the terminology used in surveying engineering (which in this area is regulated 
by PN-N-02211:2000), the displacement of a structure is called a change in its position relative 
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to the adopted reference system, in a certain time interval. The values determining the position 
change in the external reference system are called displacement parameters. These are the values 
of translation and rotation, i.e. the displacement of a structure along each axis of the coordinate 
system and the angles of rotation sequentially around each of the axes of the system or, in the 
form of two parameters, changes in the tilt and angle of rotation in the horizontal plane.

One of the most important issues relating to the determination of displacements is choice 
of the reference system. When the reference system is independent of the analyzed structure, 
and there are grounds to allow the assumption of its permanence, the determined displace-
ments will be referred to as absolute. In practice, application of such a system is not always 
required or economically justified. Displacements determined in the defined system on the 
basis of the analyzed structure are accepted as being relative.

According to Bień’s concept (2010), the following division of the phenomena compris-
ing displacements and deformations is adopted:

1. long-term and slow movements of building structures or their components, caused by 
static or quasi-static effects – for example, foundation subsidence or changing external 
factors, such as temperature – measured with a relatively low sampling frequency, e.g. 
every 15 minutes during the load test (Pradelok and Bętkowski, 2007), or once a year 
for the surveying of vertical displacements in mining areas (Głowacki, 2009);

2. vibrations, which bridges and tower structures subjected to dynamic effects are particularly 
susceptible to – requiring a high sampling frequency, such as 20 Hz (Paultre et al., 1995).
Based on the research presented in later sections of this study, the limit frequency of sam-

pling, separating the surveying of slow and dynamic phenomena, was defined in the range 
0.1 to 1 Hz. Providing a strict value is impossible due to the different nature of the inputs on 
the test structures.

For the purpose of a detailed analysis of the structure behavior and geometric interpreta-
tions of the obtained displacements, it is necessary to introduce a vector function assigning the 
vector of its displacement to each point of the jointless solid of the structure. This function is 
called the vector field of structural point displacements (PN-N-02211:2000). A mathematical 
description of the displacement field, depending on the needs, may be analyzed for a spatial, 
horizontal or vertical issue. For the purposes of this publication, it is limited to the two-di-
mensional case, which is most commonly used in practice.

The most commonly used method of approximation of the vector displacement field 
is to divide the entire structure (Fig. 2.1) into a set of elementary figures for which the dis-
placement values in vertices are determined. An example of an elementary figure in the form 
of a triangle with the displacement vectors is presented in Figure 2.2.

Assuming the knowledge of displacement values of each of the elementary figure nodes, 
it is possible to determine the displacement vector for any point within the area in question 
(Filcek et al., 1994):

u x y
v x y

,

,
( )
( )

⎡
⎣⎢

⎤
⎦⎥

= ⋅N δ (2.1)

where:
 u(x,y) – displacement along the x axis,
 v(x,y) – displacement along the y axis,
 N – matrix of the shape function.
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N =
( ) ( ) ( )

( ) ( ) ( )
⎛

⎝
⎜⎜

⎞

⎠
⎟⎟

N x y N x y N x y

N x y N x y N x y
i j k

i j k

, , ,

, , ,

0 0 0

0 0 0
 (2.2)

δ – vector of nodal point displacements:

δ =

⎡

⎣

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥

u

v

u

v

u

v

i

i

j

j

k

k

 (2.3)

In algebraic form, the above equation can be expressed as follows:

u x y N x y u N x y u N x y u

v x y N x y v N
i i j j k k

i i

, , , ,

, ,

( ) = ( ) ⋅ + ( ) ⋅ + ( ) ⋅

( ) = ( ) ⋅ + jj j k kx y v N x y v, ,( ) ⋅ + ( ) ⋅
⎧
⎨
⎩

 (2.4)

Figure 2.1. Division of the structure into triangular elements (Stasierski, 2003)

Figure 2.2. Elementary figure node displacements



13

In the presented system of equations, it is important to define the shape function N. If the 
elementary figure is a triangle, this function is expressed using the following linear function:

N = + ⋅ + ⋅A B x C y (2.5)

whose parameters A, B and C express the correlation of the displacement at the point x, y with 
nodal point displacements.

The method described above for determining parameters of the vector displacement field 
is used most often in the analysis of structures using the finite element method. In the literature 
(Czaja, 1977; Bałut, 1980; Osada, 2002), a different approach to generalizing displacements 
of structure points can be found. A jointless solid of the structure is not divided into elemen-
tary shapes, but its displacement vector field is described by one vector equation. The choice 
of the describing function depends on the number of points with the determined displacement 
values, and on the complexity of the deformation which occurs. In most cases it is sufficient 
to use polynomial functions of lower rows:

u x y a a x a y a xy a x a y

v x y b b x b y b xy b

,

,

( ) = + + + + + +

( ) = + + + +
0 1 2 3 4

2
5

2

0 1 2 3

…

44
2

5
2x b y+ +

⎧
⎨
⎪

⎩⎪ … (2.6)

If the polynomial functions do not give the correct picture of the field of displacements, 
or their degree would be too high, spline functions or geostatistical methods (kriging) are used 
(Osada, 2002). When applying the minimum curvature spline functions, the displacement 
vector field function is expressed in the form of the following equation:

u x, y a a x a y a d d

v x, y b b

n n n i i i
i

n

n n

( ) = + + + ⋅ ⋅

( ) = +

+ + +
=

+ +

∑1 2 3
2 2

1

1

1

2
ln

22 3
2 2

1

1

2
x b y b d dn i i i

i

n

+ + ⋅ ⋅

⎧

⎨
⎪⎪

⎩
⎪
⎪ +

=
∑ ln

 (2.7)

where:
 a, b – the parameters of the displacement vector field function,
 di –  the distance from the point for which the displacement vector is determined, to 

the i-th measurement point.

2.3. Deformation

If there is displacement of a structure, it is very likely that there is some deformation, 
or strain, as well. This is a change in the form of the jointless solid of the structure that does 
not affect its material continuity. Strain parameters over a period of time are (Prószyński and 
Kwaśniak, 2006):

1. linear deformation (longitudinally relative), i.e. the change between any two points of the 
structure (Fig. 2.3a);

2. amorphous deformation, i.e. the change of an angle between the lines connecting three 
points of the structure (Fig. 2.3b).
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Figure 2.3. Changing the dimensions and the form of a rectangular element: a) linear deformation; 
b) amorphous deformation

If the change in the dimensions of the rectangular element to the individual axes of the 
system is respectively denoted as Δu and Δv:

Δ Δ Δu x xk= − (2.8)

Δ Δ Δv y yk= −   (2.9)

linear deformation parameters of the element can be presented using the following expressions:

εx
u
x

=
Δ
Δ

 (2.10)

εy
v
y

=
Δ
Δ (2.11)

Using the same denotations, the values of the shape change (amorphous deformations) 
coefficients are calculated from the following formulas:

tgεyx
u
y

=
Δ
Δ

 (2.12)

tgεxy
v
x

=
Δ
Δ

 (2.13)

Bearing in mind that in actual structures amorphous deformations do not exceed a few 
degrees, it is possible to note with sufficient accuracy that tanεxy ≈ εxy and tanεyx ≈ εyx. 

Thanks to description of the displacements using the displacement vector field, it is 
possible to determine deformations for the anywhere-located, infinitesimal rectangular ele-
ment. For this purpose, using differential notion, longitudinal unit deformation εx and εy and 
amorphous deformation γxy, are determined from the following formulas:

εx
x

u
x

u
x

= =
∂
∂→

lim
Δ

Δ
Δ0

 (2.14)u∂
u∂
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εy
y

v
y

v
y

= =
∂
∂→

lim
Δ

Δ
Δ0

 (2.15)

γ γ ε εxy yx x y
x y

u
y

v
x

u
y

v
x

= = + = +⎛
⎝⎜

⎞
⎠⎟

=
∂
∂

+
∂
∂→ →

lim
,Δ Δ

Δ
Δ

Δ
Δ0 0

 (2.16)

These three values define the deformation tensor, which is a symmetric tensor:

ε =
⎡

⎣
⎢

⎤

⎦
⎥

ε γ
γ ε

x xy

xy y (2.17)

Principal (extreme) deformation values and their directions are determined by calculat-
ing the eigenvalues of the matrix ε and calculation of eigenvectors of these values.

When using the method of dividing a structure into a finite number of elements, it is 
possible to write a direct relationship between the displacement of the elementary figure nodes 
and the deformation (Filcek et al., 1994):
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where:
B – matrix of unit deformations:
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2.4. Loads occurring 
while surveying engineerin g structures

Due to the fact that, during the surveys carried out for the purposes of this monograph, 
the observed displacements of the structures resulted from active loads, in the remainder 
of this chapter the most important of them are discussed in detail. In addition, the issues re-
lated to the mechanics of structures are presented, allowing the determination of theoretical 
displacements caused by them.
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2.4.1. Vertical loads
When measuring the displacement of structures such as bridge spans, roof girders or 

floors of structures, it is necessary to draw attention to the existing loads. Most frequently, 
these are loads resulting from the dead load or from the pre-stress of the structure, i.e. those 
with a value, direction and position which remain unchanged during the use of the structure. 
However, the loads that change during the use of the structure have the greatest importance 
for the determined displacements. Among them, a leading role is played by operational loads, 
technological ones, and the loads due to snow during the winter season.

For the purpose of proper approximation of the displacement vector field and the deter-
mination of the maximum deflection, it is necessary to know the theoretical equation for the 
deflection of the most common load variants.

In the case of snow and dead loads, it is assumed that the pressure is uniform along the 
entire structure (Fig. 2.4).

Figure 2.4. Scheme of the uniform load

With such a scheme adopted, the load will cause deflection of the analyzed beam or slab, 
according to the equation of the theoretical deflection line (Fig. 2.5) expressed by the formula:

y
q
EJ

lx x l x
i

i i i= − −
⎛

⎝
⎜

⎞

⎠
⎟

2 6 12 12

3 4 3

 (2.20)

where:
 y – the value of deflection,
 q – the value of the operating load,
 E – Young’s modulus,
 J – the main moment of inertia,
 l – the length of the beam.

Figure 2.5. Line of the beam deflection
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2.4.2. Wind load

According to the definition (PN-B-02011:1977), the pressure difference on the surfaces 
of building structures and the friction resistance caused by the air flow is called wind load.

The impact of the wind varies with time and occurs as pressure exerted directly on the 
outer surfaces of the closed structures and, due to the permeability of the envelopes, as pres-
sure applied to the internal surfaces. The wind can also directly affect the internal surfaces 
of the open structures. The pressure exerted on the components of the structure surface or the 
elements of the curtain walls produces forces perpendicular to them. In addition, when large 
areas of a structure are subject to airflow from the blowing wind, the forces of friction, acting 
tangentially to the surface, can be significant.

The strength of the force exerted by the wind on the entire structure (or part thereof) is 
dependent upon several factors (EN 1991-1-4:2005). 

These are:
– structural factor – depends directly on such parameters as the reference altitude (some-

times identified with the height of the structure), the peak value factor, the intensity 
of turbulence, the resonant response factor and the non-resonant response factor;

– aerodynamic force factor, the value of which depends primarily on the shape and size 
of the structure under the load of a wind stream;

– peak value of velocity pressure – resulting from the density of the air (its temperature, 
atmospheric pressure or altitude), turbulence intensity and the average wind speed.

After determining all the parameters and calculating the force value, it is possible to 
estimate the strains of the structure caused by this load. In surveying practice, the most fre-
quently observed structures which the wind load has the greatest impact upon are industrial 
smokestacks. Therefore, it seems reasonable to present the determination of their deflection’s 
theoretical value.

The value of the force determined in accordance with the EN 1991-1-4:2005 standard 
has a uniform effect on the surface of the stack.

In order to determine the deflection value (Fig. 2.6), a uniform wind load is replaced by 
its resultant, and its line of action is halfway up the stack shaft.

Using Euler’s differential equation (Przewłócki and Górski, 2006) and the relationship 
between the load and the internal forces, the final equation for the value of deflection can be 
derived:

f h
q h

EJ
( ) =

⋅ 4

8 (2.21)

where:
f – the value of deflection.

Wind loads affecting engineering structures have a special impact on the dynamic chang-
es in their shape. Turbulent wind flow causes variable load on the structure, due to which the 
structure begins to vibrate. A description of this phenomenon was presented by Dyrbye and 
Hansen (1997). For many structures, dynamic response of the wind blowing along can be cal-
culated with sufficient accuracy, assuming that the structures have only one degree of freedom.
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Figure 2.6. Static scheme of wind load

The risk of vibrations due to the detachment of vortices increases when elongated struc-
tures are in line at a distance of 10 to 15 times smaller than the width of the structure, and 
when the elongated structure is exposed to the vortices shed from a massive structure nearby. 
In addition to vibrations, in certain cases, vortex shedding can cause cross-sectional ovaliza-
tion of the stack shaft, i.e., changing the shape of the horizontal section in time.

Vibrations induced by the vortices are formed when the vortices shed alternately from 
the opposite sides of the structure. This results in a varying load, perpendicular to the wind 
direction (Fig. 2.7). When the vortex is formed on one side of the structure, the wind velocity 
increases on the opposite side, in accordance with Bernoulli’s equation (Dyrbye and Hansen, 
1997). In this way, the structure is subjected to a transverse force on the side where the vortex 
is formed. When the vortices shed alternately from opposite sides, there is a harmonically 
changeable lateral load with the same frequency as the frequency of vortex shedding. The 
vortices formed in this way are called Benard-Karman’s vortices.

Figure 2.7. The mechanism of the formation of vortices (Dyrbye and Hansen, 1997)

For the non-vibrating structure, the distance between the vortices of the same direction 
is proportional to the effective dimension of the obstacle d, i.e. the width perpendicular to 
the wind direction. The time between the vortices is equal to the distance l divided by the 
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velocity of vortices U1. This means that the frequency fv of the lateral loads caused by the 
vortex shedding is U1/lv, which is proportional to U/d. The factor of proportionality is called 
the Strouhal number St, and thus:

f St
U
dv = (2.22)

For engineering structures, large vibrations may occur when the dominant frequency 
fv of the vortex shedding is the same as the natural frequency f0 of the structure vibrating in 
a direction perpendicular to the wind. Hence, the critical wind speed Ucr, defined by fv = f0, is:

U
St

f dcr =
1

0 (2.23)

The effect of rotational excitation on the stack is clearly visible in a report by Tranvik 
and Alpsten (2002). Figure 2.8, drawn up on the basis of sample observations of one month, 
shows the relationship between the recorded values and the displacement directions of the 
top of a steel stack and the wind pressure. Directions of the stack deflections were recorded 
using 16 sensors, therefore Figure 2.8a shows the values of the directions in a discrete way.

For most structures, critical wind velocity for the first mode of vibrations, i.e. fv = f1, is 
at the level of 10 m/s. Such a value of wind velocity is quite frequent and may cause the risk 
of material fatigue.

Figure 2.8. A diagram showing the predominant directions and values of: a) the deflection of the top 
of the stack – in mm; b) the wind pressure – in Pa (Tranvik and Alpsten, 2002)

2.4.3. Thermal loads

One of the main loads to be considered in the design of buildings, bridges or shell struc-
tures, is the effect of temperature. According to the PN-B-02015:1986 standard, the tempera-
ture difference on the structure surface and on its cross-sections, as well as the temperature 
difference of the structure relative to its consolidation temperature, is called a thermal load.

Changes in the distribution of temperature fields are caused primarily by daily and sea-
sonal changes in weather conditions.
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The key factors also include: solar radiation and the subsequent emission of the tem-
perature to the surroundings. An example temperature distribution of the outer shell of an 
industrial stack shaft resulting from solar radiation is shown in Figure 2.9.

Figure 2.9. Distribution of the temperature field caused by solar radiation

The size of thermal effects depends upon local climatic conditions, orientation of the 
structure, layers of the material which the cladding is made of, heating and ventilation sys-
tems, and insulation. It is also important to correctly determine the impacts of technologi-
cal or industrial processes – which is particularly important e.g. when analyzing the loads 
of foundations for furnaces, turbines, or in the case of industrial stacks. Provisions of the 
EN 1991-1-5:2003 standard also point to the correct temperature reduction for structures 
located at a certain height above ground level, and the selection of a correct absorption factor 
for structures exposed to solar radiation.

The values of stress and strain, due to thermal loads, are dependent upon the geometry 
and boundary conditions of the analyzed structure, as well as the physical properties of the 
materials used. Deformations are closely dependent on the coefficient of linear expansion 
of the material, and its value is expressed by the formula:

ε αt = = ⋅ −( )ΔL
L

T T
0

2 1 (2.24)

where:
 εt – linear deformation caused by temperature change,
 ΔL – change in the length of the element induced by temperature change,
 L0 – nominal dimension of the structural element,
 T2 – current temperature,
 T1 – initial temperature,
 α – coefficient of linear expansion.
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If the structural element is subject to a uniform temperature change, and is made of a ho-
mogeneous material, there is only a change in dimensions. If, however, this assumption cannot 
be met, a bending moment is induced.

Based on the knowledge of the values of bending moments in a structure, it is possible 
to calculate its deformation, e.g. deflection. During the test surveying for the purposes of this 
publication, the influence of the sun was observed mainly for slender structures, such as 
industrial smokestacks. An example of stack top deflection under the influence of the sun is 
presented in Figure 2.10.

Figure 2.10. The chart of the stack top deflection due to diurnal changes in insolation

In order to determine model displacement values caused by thermal loads of such struc-
tures as industrial stacks, the algorithm presented by Żak et al. (1994) and used in CICIND 
Model Code for Concrete Chimneys (CICIND, 2001) can be applied.

As a result of insolation, one of the sides of the stack is heated, while the opposite 
side remains in the shade. For this reason, there is a temperature gradient in a horizontal 
cross-section of the stack shaft. The resulting bending moment causes deformations in the 
form of amorphous deflection of the stack shaft top into an arc (Fig. 2.11).

According to the dependencies shown in Figure 2.11, a change in the height of the stack 
shaft ΔH causes deflection of the upper part of the stack in accordance with the following 
formula:

f
H H

d
=

⋅ Δ
2 (2.25)

Assuming that the thermal expansion of reinforced concrete is directly proportional to 
the temperature change T in the horizontal section, it is possible to determine the displace-
ment values of the top of the stack caused by the difference in temperature.

f
H
d

T= ⋅ ⋅
2

2
α Δ (2.26)
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Figure 2.11. Stack shaft deflection under the influence of temperature (Żak et al., 1994). Denotations: 
f – deflection, d – stack shaft diameter, H – height of the stack, R – radius of the deflection arc, α – angle 

of deflection

This equation assumes that the diameter of the smokestack and the temperature gradient 
are constant over the entire length. If these assumptions are not possible to meet (or such an 
approximation results in excessively large errors), division of the smokestack into n elements 
is carried out, for which stability of individual coefficients can be assumed (Fig. 2.12).

In this case, the size of the deflection should be calculated from the following dependence:

f T
h
d

h
hj i
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ii
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∑ ∑α Δ
1 1

1

2
 (2.27)

Figure 2.12. Division of the smokestack shaft into a finite number of elements

2.5. An outline of mechanical system vibrations

2.5.1. Introduction
The mechanical work of engineering structures is related to operational loads, such as the 

dead load of the structure or vehicle traffic, and to the loads associated with common external 
conditions (wind or water pressure, earthquakes, etc.). However, due to the fact that some 
of these structures, which are important for the economy, are slender structures, for which 
the ratio of their mass to the dimensions is small, they are particularly susceptible to dynamic 
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loads, which can cause large forces of inertia and large amplitudes of vibrations, limiting the 
ability to utilize the structure. In extreme cases, they can reach levels jeopardizing the safety 
of the structure (Billah and Scalan, 1991).

One such event took place in 1940 in the United States, where a suspension bridge over 
the Tacoma Narrows began to vibrate because of a strong wind. A similar situation took place 
in Volgograd, Russia, in 2010.

From the perspective of dynamics, slender structures are geometrically immutable struc-
tures with a conservative form of balance (Chmielewski and Zembaty, 1998). Among the 
numerous factors that cause structure vibrations, the most important are gusts of wind and 
factors related to technical human activity (for example, interactions between footbridges 
and pedestrians, vehicles and bridges, etc.). Factors that cause vibrations can be either deter-
ministic (describable with a strict mathematical function) or non-deterministic (e.g. wind, to 
describe these phenomena, probabilistic models are used).

According to the terminology of vibrations (PN-N-01350:1982), a vector defining the 
position of a particle or a body relative to the reference system is called vibration displace-
ment. The end of the vector is in the position of a particle or a body.

For this work, vibrations will be construed as rapidly changing processes, in which 
a change in the position of elements or the entire monitored structure takes place. Taking into 
account the fact that the subject of the survey is structural behavior, it should be noted that 
a recorded variable in time is the structural response, i.e. the reaction to the time-varying dy-
namic load. In general, displacements and stress of the structure are subject to determination.

According to the PN-N-01350:1982 standard, the concept of vibration is generic and refers 
to processes in which the analyzed values are functions of time, usually increasing and decreas-
ing alternately in successive time intervals. If a function of time is a change of the kinematic or 
dynamic value relating to the mechanical system, then the term mechanical vibrations is used.

Depending on the origin of excitation forces, vibrations are divided into:
– normal modes of vibration, i.e. vibrations that occur without any external influence and 

energy release outside the system – this is a rare case, but very convenient for analysis,
– forced vibrations, which arise independently of the system vibrations, due to dynamic 

external factors, which are periodic functions of time.

If the studied structure does not undergo a sudden damage (it is in the linear elastic 
range) and shows classic characters of vibration, the dynamic properties of the structure are 
described by the following dynamic characteristics: natural frequencies, modes of vibration, 
logarithmic decrements of damping.

2.5.2. Simple harmonic motion
The main (but rare in reality) case of deterministic oscillatory motions is a periodic mo-

tion, for which the coordinate x(t) of the selected point of the structure, i.e. deflection from 
the equilibrium position, satisfies the following condition:

x t x T t( ) = +( ) (2.28)
where:

 t – time,
 T – the period of oscillations of the test structure element.
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In harmonic motion (Kittel et al., 1973) there is independence of the motion frequency 
from the vibration amplitude. The classic examples of the systems characterized by harmonic 
vibrations are the mathematical pendulum (for small angles of deflection) and the mass sus-
pended on a spring (for small amplitude of oscillations).

The basic case of periodic motion is simple harmonic motion (Fig. 2.13), described by 
the equation:

x A t= +( )sin ω ϕ (2.29)

where:
 A – amplitude of the motion,
 ω – angular frequency,
 φ – phase of the motion.

The oscillation period T is closely related to the angular frequency:

T =
2π
ω

 (2.30)

Figure 2.13. Diagram of displacements as a function of time in a simple harmonic motion

The period T is the time interval in which the wave covers a distance equal to one wave-
length λ with the velocity v:

λ = vT (2.31)

The angular frequency ω of periodic vibrations is the inverse of the period of oscilla-
tions, defined as follows:

ω =
2π
T  (2.32)

The point can perform n collinear harmonic motions (Fig. 2.14). The resultant motion 
can be expressed by the following equation:

x t A ti i i
i

n

( ) = +( )
=
∑ sin ω ϕ

1

 (2.33)
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Figure 2.14. Combination of harmonic oscillations with different amplitudes 
and different angular frequencies

Most physical systems representing engineering structures have many vibration frequen-
cies, which can be determined by spectral analysis.

The most general equation of a sine wave running to the right takes the form:

x A kx t= − −( )sin ω ϕ (2.34)

The amplitude reaches maximum values of A for the points where:

kx =
1

2

3

2
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2
π π π, , , .. . ,  thus x =

1

4

3

4

5

4
λ λ λ, , , .. . (2.35)

These points are called antinodes. The distance between them is half a wavelength.
The minimum (zero) amplitude values are at points for which:

kx = π π π, , .2 3, . . ,  thus x =
1

2

3

2
λ λ λ, , , .. . (2.36)

These points are called nodes. The distance between them is equal to half a wavelength 
as well (Fig. 2.15).

A specific case, but important in terms of the structure behavior analysis, is the phenom-
enon of beat, i.e. periodic changes in vibration amplitude composed of vibrations of similar 
frequencies (Fig. 2.16a).

The equations of vibrations with amplitude A and frequencies ω1 and ω2, are described 
by the following equations:

x A t1 1= ( )sin ω , x A t2 2= ( )sin ω (2.37)

Assuming the denotations:

ω
ω ω

w =
+1 2

2
, ω

ω ω
m =

−1 2

2
 (2.38)



26

a complex oscillation equation (Fig. 2.16b) is obtained in the form:

y A t A t A t t= ( ) + ( ) = ( ) ( )sin sin cos sinω ω ω ω1 2 2 m w (2.39)

The expected effect of vibration measurement is most commonly to determine the normal 
mode of structure vibrations, i.e. those that are performed by the body not exposed to any exter-
nal forces. Each structure has specific natural frequencies, regardless of how they are induced.

Figure 2.15. Location of nodes and arrows of the standing wave

Figure 2.16. Formation of beats

In the research involved in this study, it is assumed that the structural vibrations oc-
curring after the termination of excitation, for example, after the vehicles drive off during 
the dynamic load test, have a frequency equal to the natural frequency f0. This parameter is 
calculated from the data recorded during these tests (Ryżyński, 1983). It is calculated by the 
following formula:

f
n
t T0

1
= =

s

 (2.40)

where:
 n – the number of oscillations calculated based on the vibration diagram,
 ts – the time of structural vibration occurrence,
 T – the period of natural vibrations of the structure.



27

2.5.3. Damped oscillator
The actual oscillatory motion is dampened by a number of factors, which are generally 

caused by the presence of friction. 
The damping effect of building structures is primarily a consequence of three influences:

– material damping (vibrating body internal friction),
– structural damping (friction in the bearings, joints, connections),
– damping of the surroundings, in which there is a vibrating body located (e.g. the aero-

dynamic damping).

Figure 2.17 shows, in a symbolic way, a mechanical system which, as a result of friction 
forces (including aerodynamic and material resistance), damps itself and the analog signal 
which is a result of recording that phenomenon.

Figure 2.17. Damped oscillator physical model (Kittel et al., 1973) 

In any real oscillating system, the phenomenon of vibration damping occurs, which 
means a reduction in the value of a variable characterizing vibrations (e.g. displacement) due 
to the dissipation of mechanical energy (Beards, 1996).

The EN 1990:2002 standard specifies the source of vibrations which should be taken into 
account during the design phase. These include, in particular: the impact of wind, vibration 
from machines and rolling stock, vehicle and pedestrian traffic. The response from the struc-
ture and structural elements to dynamic forces depends on the dynamic characteristics of the 
structure, such as the natural frequency and the normal modes, the damping values, as well 
as on the spectral characteristics of the forcing loads.

In general, the equation of damped harmonic oscillator motion takes the form:

x t A tt( ) = +( )−e d
ξω ω ϕ0 sin (2.41)
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For an explanation, it is necessary to defi ne the following quantities:

1. the damping ratio: ξ
γ
γ

=
k

,                                                                             (2.42)

2. the frequency of damped vibrations: ω ω ξd = −0
21 .                          (2.43)

Thus, in practical issues, the goal is to determine dynamic characteristics of the damped 
oscillator, the motion of which is represented by the equations (2.41–2.43). This issue will, 
for example, be present in test loads of bridge structures with the loads imposed in accordance 
with the load design.

The parameter γk is the value of critical damping. It sets the limit between the oscillating 
and non-oscillating motion, decreasing to zero. The motion determined by critical damping is 
usually not applicable to building structures, but with sub-critical damping, damped vibrations 
can be described.

The motion described by the equation (2.41) is a quasi-harmonic motion, fading, mod-
ulated by the exponential function exp (– ξω0t ) (Fig. 2.18).

The amplitude of damped normal modes decreases along the exponential curve, asymp-
totically approaching zero. Theoretically, the time intervals between successive equilibrium 
positions are fixed and do not depend on the amplitude of vibration.

Figure 2.18. Diagram of displacements as a function of time in a damped harmonic motion

The ability of the structure to damp vibrations is usually described by the logarithmic 
decrement of damping:

Λ =
+

ln
A

A
n

n 1

 (2.44)

Figure 2.18 shows a fragment of a normal mode diagram. In order to determine the 
logarithmic decrement, normal mode amplitude values of the initial and final part of the vi-
bration diagram (A0, An) should be determined, as well as the number of oscillations (n) 
between the measured amplitudes. The calculations should be carried out according to the 
formula (Ryżyński, 1983):
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Λ =
1 0

n
A
An

ln (2.45)

Real constructions should be characterized by damping of a value that ensures an accept-
able (safe) level of response to a predicted excitation, defined as the natural logarithm of the 
ratio of two successive amplitudes A1 and A2 in the same direction.

This definition assumes that the point of maximum displacement in the cycle overlaps 
with the point at which the envelope of the damping curve is in contact with the damping 
curve. The error of such an assumption is usually negligible, except for the cases of strong 
damping. For low damping, it is recommended to measure the amplitude of vibrations which 
are remote using many cycles, so that the amplitude difference is readily measurable. As it 
later turns out, this type of assumption is not always right when it comes to vibrations in 
engineering structures.

The function describing the decaying harmonic motion is an exponential function 
exp (– ξωt ). The parameter ξ is the number of the damping – dimensionless parameter char-
acterizing the oscillatory system, for real engineering structures with values within a few 
percent. The relationship between the logarithmic decrement of damping and the damping 
ratio is defined by the following formula:

Λ =
2

1 2

πξ

ξ− (2.46)

Structural vibrations may be forced with a force defined by a harmonic function with the 
amplitude P and the angular frequency p. Considering a non-damped system, it is necessary 
to modify the equation (2.29), the solution of which, given by Chmielewski and Zembaty 
(1998), gives the result:

x t
P
k

pt

p
( ) = ⋅

− ⎛
⎝⎜

⎞
⎠⎟

sin

1
2

ω (2.47)

This is a basis to determine the dynamic characteristics under the operational load.
To describe forced vibrations, the dynamic amplification factor (DAF) which character-

izes dynamic load put on the structure as compared to static load (Chmielewski and Zembaty, 
1998) is defined. This is calculated (Fig. 2.19) as the ratio of the maximum dynamic deflection 
(defined as the highest value of deflection recorded during the passage of a vehicle) and the 
maximum static deflection (defined as the average of the minimum and maximum deflection, 
recorded during the same passage):

ρ =
q

q
dyn

st

 (2.48)

where:
 ρ – dynamic coefficient (dynamic amplification factor),

 qdyn – dynamic deflection,
 qst – static deflection.
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Figure 2.19. The method for determining the dynamic coefficient [I1]

Figure 2.20. Dependence of the dynamic coefficient ρ on the ratio of frequency of the exciting force p 
to the natural frequency ω for different damping ratios ξ

Figure 2.20 presents the importance of damping when the ratio p/ω is close to unity. In 
this situation, with little damping, the structure can easily be damaged. 

The mode of vibrations is a configuration of a set of points of the system oscillating at 
a time when not all of the deflections from the average positions are equal to zero (Fig. 2.21). 
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Most of the oscillatory systems have an infinite number of vibration modes. Their determina-
tion is subject to modal analysis. The current mode of the oscillatory system is always a combi-
nation of all forms of vibrations, but not necessarily all have to be revealed to the same extent.

Figure 2.21. The first three modes of vibration of a beam: a) simply supported; b) cantilever
(Chmielewski and Zembaty, 1998)

All vibration characteristics are determined by appropriate calculation procedures 
(EN 1991-1-4:2005). In addition, they can be verified by testing actual structures. In par-
ticular, the damping decrement value, in the case of a construction equipped with vibration 
damping devices, should be calculated using theoretical and experimental methods.

The vibration of a structure is strongly related to the dangerous phenomenon of resonance. 
This is a very rapid increase in the amplitude of the system vibrations. One of the main ob-
jectives of conducting dynamic testing of engineering structures is to prevent the occurrence 
of resonance between the normal modes and potential excitations.

By definition, resonance occurs when the frequency of forcing vibrations p is equal to 
(or close to) the natural frequency of the system ω0. The ratio of these two frequencies is de-
signated as β = p/ω0. For the resonance value β = 1, the value of the dynamic coefficient is:

ρ
ξ

=
1

2
 (2.49)

While considering the phenomenon of resonance, for the  coefficient β, a zone of a width 
of ±15% from the resonance value point β = 1 is assumed (Stypuła, 2006). This results from 
the inevitable differences between the model used in the calculations and the actual structure. 
Discrepancies occur due to inaccurate data, model approximations and load changes during 
exploitation.

Damping is important when the value of β is close to one. With low damping, the high 
value of the dynamic coefficient means the possibility of large displacements, resulting in 
possible structure damage, or even destruction. A recently observed phenomenon of exci-
tation of vibrations due to wind is the fluttering of the bridge in Volgograd in 2010, with an 
amplitude of displacements exceeding one meter, which did not end in disaster, but forced the 
reconstruction of the bridge (Nowicki and Flaga, 2011).
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2.6. Digital signal

Mechanical vibration which occurs on the tested structures is recorded in measurement 
systems using an electronic system. Between the elementary functions describing the vibra-
tions of mechanical systems and the LC electrical circuit (the case of an ideal RLC circuit, 
consisting of a coil – L, a capacitor – C, but without resistance – R), analogies can be found 
and they are presented in Table 2.1.

LC systems can be treated as systems that may be subject to changes in physical quanti-
ties by analogy to mechanical oscillating systems. To record the behavior of a real structure, 
it should be noted that the physical process, which is observed and analyzed, happens in 
continuous time. Measurement means, however, conducting observations in discrete time 
with all the consequences.

Behavior (mechanical position of elements) of an engineering structure changes with time. 
It is an analog process. i.e. it is continuous with time (even for building disasters) with a con-
tinuous range of values (position coordinates, vibration amplitudes, etc.). Digital systems for 
monitoring structural condition, however, use discrete time, in which they sample the position 
of a tested structure. Therefore, for example, amplitude values also take discrete values, even 
though the test structure changes its position continuously (Fig. 2.22).

Table 2.1
Analogies between mechanical vibrations and the LC circuit oscillations

Mechanical vibrations LC circuit oscillations

Defl ection x A t= ( )sin ω Instantaneous load Q Q t= ( )0 sin ω

Velocity v x
t

A t= = ( )d

d
ω ωcos Intensity I

Q
t

=
d

d

Acceleration a x

t
A t= = − ( )d

d

2

2

2ω ωsin
d

d

d

d

I
t

Q

t
Q t= = − ( )

2

2 0
2ω ωsin

Mass m Self-induction coeffi cient L

Modulus of elasticity k Inverse of capacity 
1

C

Natural frequency ω =
k
m

ω =
1

LC

Potential energy E kx k

A t
p = =

( )
2

2 22 2 sin ω E C
Q

C
Q tel =

⋅⎛
⎝⎜

⎞
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1

2

1

2

2

0
2 2sin ω

Kinetic energy E mv m
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2
2 2 2

2 2
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LI L
I tm = = ( )

2
2 2

2 2
cos ω

Resistance coeffi cient B Electromagnetic resistance R
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Figure 2.22. Discrete signal vs. continuous one (Lyons, 1997) 

Thus, the result of observations in the measurement system is a digital signal. It has conse-
quences, the most serious of which is that in such discrete systems, defining frequency in hertz 
depends on the assumed sampling frequency. It is particularly important to examine the spectrum 
of the received signal, i.e. to represent the signal in the frequency domain rather than the time do-
main (as is standard procedure in surveying). In addition, the analog signal will usually be a signal 
of rich spectral content (it will be the effect of a combination of several frequencies) (Fig. 2.23).

Figure 2.23. Time domain, frequency domain and the amplitude spectrum of composite signal 
(Lyons, 1997)
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The measurement systems sample the structure movement with specified frequency, so 
this is quasi-uniform sampling. It is important to select the sampling frequency so that the 
information content of the signal is not diminished or disturbed.

Formally, it should be said that during sampling in a uniform manner it is impossible to 
distinguish between the values of sine waves with frequencies of f0 and f0 + kfs, k – integer, 
fs – sampling rate (Fig. 2.24).

x n f nt f kf nt( ) = ( ) = +( )( )sin sin2 20 0π πs s s (2.50)

In the measurement systems used in the experimental part of this work, this problem is 
solved in such a way that the searched frequency range is usually from 0 to 20 Hz, and the 
sampling rate is two times higher than the highest potential component. An important rule, 
widely used in electronics, that fs ≥ 2B is known as the Nyquist criterion (Zieliński, 2002).

It would be convenient to treat most of the signals from the actual structures as band sig-
nals, i.e. those in which the energy contained outside the analyzed frequency band is outside 
the sensitivity of the measuring device in question. This, unfortunately, may not always be 
true, and given the limited sampling frequency, sometimes some information is lost during 
its collection and processing.

Figure 2.24. Ambiguity of frequency in time (Lyons, 1997)

Discrete and, therefore, digital sampling of a continuous signal has its consequences, 
of which the most important one is the fact that the phenomenon of spectral aliasing, ex-
pressed by the equation (2.50), occurs. One of the main problems arising from the existence 
of spectral aliasing is that the high-frequency noise recorded in the device during signal 
processing affects the measurement and analysis results of the desired low-frequency band 
(Fig. 2.25). One solution to this problem is to use a low-pass analog filter preceding the signal 
sampling, which represents an investigated phenomenon.



35

Figure 2.25. Negative effects of spectral aliasing (Lyons, 1997)

In interpreting the results of vibration surveys obtained using discrete sampling of elec-
tronic devices, two of the most popular and powerful signal processing procedures are applied: 
a discrete Fourier transform (currently implemented using the FFT algorithm) for determining 
the harmonic or frequency content, and digital filtering.

One basic piece of information about building structures is carried by their natural fre-
quency. The values of the frequency of vibration can be determined by measuring their dis-
placements. For this purpose, the measurement results are subjected to the Fourier transform 
(Walker, 1996).

The Fourier transform is a fundamental tool for the frequency analysis of signals. The 
Fourier transform is defined by the equation:

X f x t tf t( ) = ( ) −( )
−∞

∞

∫ exp j d2π (2.51)

where:
 t – time (in seconds),
 f – argument of the transform indicating frequency (in hertz).

The Fourier transform is a reversible operation, so that the function of x can be recon-
structed from X by the inverse transformation:

x t X f tf f( ) = ( ) ( )
−∞

∞

∫ exp j d2π (2.52)

For a digital signal, consisting of displacement values determined in the time domain, 
a discrete Fourier transform – DFT is used. Due to the fact that the Fourier transform is, in 
general, a complex-valued function, both an original signal and one subjected to transforma-
tion, it can be expressed as a sequence of complex numbers. The algorithm for calculating 
the DFT and the inverse transform is called fast Fourier transform – FFT. The most common 
implementation of FFT are algorithms radix-2 (Zieliński, 2002), however, they require a sig-
nal of a length of N = 2k, where k is a natural number.
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For a given sequence of N complex numbers, N-point DFT is recorded using the se-
quence {Hk}, where Hk is the expression:

H h ik Nk i
i

N

= −( )
=

−

∑
0

1

2exp j /π , k = 0, ±1, ±2, … (2.53)

The signal frequency spectrum is illustrated by an independent presentation of two charts 
(Fig. 2.26):

– amplitude spectrum chart, calculated as the complex value modules |Hk|,
– phase spectrum chart, contained in the arguments of the complex values arg(Hk).

The amplitude spectrum chart shows the amplitudes of the signal harmonic components 
of different frequencies, and the phase spectrum diagram provides information on the phases 
of these components.

Figure 2.26. Example original signal and its frequency spectrum (Smith, 2003)

The ideal frequency spectrum has non-zero values only at points corresponding to the 
harmonic component frequencies. Observations of the actual phenomena are not ideal har-
monic functions. Implementation of the Fourier transform leads to the phenomenon of so-
called spectral leakage. The problem of leakage occurs when there is a component of such 
frequency in the analyzed signal which is not analyzed in the DFT, i.e. it is not a multiple 
of fs/N, where fs is the signal sampling frequency. If the analyzed signal is composed of sev-
eral sinusoids with similar frequencies, and one of the components has a smaller amplitude, 
the presence of a leakage can obscure the presence of a weaker frequency. When they are 
similar, they may be impossible to distinguish, even for sinusoids of the same strength. 
The leakage occurs when the input signal in its spectrum has a frequency (or frequencies) 
other than those for which the DFT band is determined. In fact, this occurs for all real 
signals (Fig. 2.27).

It can be said that discontinuous changes of the rectangular window (finite sampling 
time) cause the formation of side lobes in a function of sin(x)/x, and consequently the spec-
tral leakage. In other words, window functions are used to improve the properties of the 
spectral analysis of signals. Before the Fourier transform, the measured signal is multiplied 
in the time domain by the window function w(n) (Fig. 2.28). Multiplication reduces dis-
continuities at the ends of the time interval and reduces the effect of spectral leakage as 
a result of DFT.
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Figure 2.27. Spectral leakage in 64-point DFT (Lyons, 1997)

Figure 2.28. Selected window functions (Oppenheim, 1999)

Oppenheim (1999) presents many types of window functions, each of which has differ-
ent properties. There are three types of windows presented, which are used in the further part 
of this work: a rectangular window, the Hann window and the Kaiser window – the last two 
described by the equations (2.54–2.56). The most important properties of the window are 
determined on the basis of its frequency response (Fig. 2.29). 
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Figure 2.29. Fourier transform for: a) a rectangular window, b) the Hann window (Oppenheim, 1999)

These are:
– frequency resolution, affecting the ability to distinguish the components close to each 

other, which is dependent on the width of the main lobe;
– dynamics, determining the ability to distinguish the components of small amplitude, the 

greater for the windows with a large difference in amplitude between the main lobe and 
the side lobes.

Zieliński (2002) gives the following functional dependencies, characterizing the win-
dows shown in Figure 2.28:

– Hann window:
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– Kaiser window (Fig. 2.30): 
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where:
 I0(β) – zero-order Bessel function given by:
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If the analysis requires the removal of unnecessary or erroneous frequency spectrum 
components, filters with finite impulse responses are used. Such a situation occurs when 
calculating dynamic coefficients and determining damping coefficients for a particular 
frequency.

In the digital filter, the following bands are distinguished: passband, transition band and 
stopband (Fig. 2.31). Their course is determined by the type of filter used.
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Figure 2.30. Fourier transform for the Kaiser window – depending on the β parameter 
(Oppenheim, 1999)

Figure 2.31. Digital filter bands

The filter with a maximum flat response in the passband is the Butterworth filter 
(Fig. 2.32a). 

Figure 2.32. Low-pass filters: a) Butterworth filter; b) type I Chebyshev filter (Smith, 2003)
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It is defined by the transmittance function:

H f
f
f

n
( ) =

+ ⎛
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⎞
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1

1
0

2
  (2.57)

where:
 f – current frequency,
 f0 – filter cut-off frequency,
 n – filter order.

Another example is the type I Chebyshev filter that optimizes the frequency response 
(Fig. 2.32b). 

Its transmittance function has the following form:

H f

T
f
fn

( ) =

+ ⎛
⎝⎜

⎞
⎠⎟

1

1 2 2

0

ε
  (2.58)

where:
   ε – maximum passband ripple,
 Tn – Chebyshev polynomial of the n-th degree:

T x n xn ( ) = ( )cos arccos  (2.59)

The use of analog and digital filters is necessary, among others, due to the spectral alias-
ing (see Figure 2.25 – higher frequency noise can affect the value of the analysis of the desired 
signal with a lower frequency) and wide spectral content of the recorded signals representing 
real structures.
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3. Control of the shape and location 
of engineering structures

Przemysław Kuras, Łukasz Ortyl, Tomasz Owerko, Rafał Kocierz

3.1. Introduction

3.1.1. Periodic surveying and monitoring
According to the Building Law (Ustawa..., 1994), an engineering structure is a building 

with installations and technical equipment, as well as a structure which is a technical and 
utility entirety, together with its installations and equipment. Examples of structures include 
bridges, viaducts, overpasses, freestanding masts, hydro-engineering structures, freestanding 
industrial plants or technical equipment, and more.

The requirements for controlling engineering structures are imposed by the provisions 
of law and supervised by competent authorities. 

An engineering structure must be designed and constructed taking into account the ex-
pected period of its use, in accordance with technical and construction regulations, and the 
following should be ensured:

– safety of the structure,
– safety of use,
– protection against vibration.

Regulations apply to the entire population of structures. The supervisory authority may 
determine the compliance of a particular structure with a population, but it is not able to guar-
antee its continued stability and quality. In each structure population, the correctness of the 
execution is varied and components which have been made with insufficient correctness may 
occur. For this reason, there is a need to observe the structures, the aim of which is to control 
the safety level of the structure users as well as its stability and functional properties.

According to the records of the Building Law (Ustawa..., 1994) regarding the maintenance 
of engineering structures, “the owner or manager of a building is required to (...) ensure, with 
due diligence, a safe use of the structure in the event of external factors affecting the structure, 
associated with human activity or natural forces, such as lightning, earthquakes, high winds, 
heavy rainfall, landslides, the phenomena of ice on rivers and seas, as well as on lakes and 
reservoirs, fires or floods, which result in damage to a building structure, or a direct threat to 
such damage that could endanger human life or health, safety to property or the environment”.

The Law sets out a need to carry out periodic inspections of building structures, at least 
once a year, in order to check the technical condition of the components and installations 
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exposed to the harmful effects of the atmosphere and the damaging effects of factors occurring 
during their use. In addition, every five years, building structures require a control, involving 
additional verification of the suitability of the building structure for use. However, in the 
event of the above-mentioned external factors, the structure is subject to safe use control. The 
records of technical checks and repairs over the lifetime of an engineering structure shall be 
included in the record book of a building. The owner or manager of a building is required to 
keep such a record.

The issue of maintaining the safety of building structures during their use is closely 
associated with the concept of monitoring. According to the dictionary definition, this means 
observing a structure or a phenomenon in a certain period of time, for a specific, special pur-
pose (Moore, 1992). The essence of monitoring is measurement carried out within a system 
and the analysis of changes in the quantities characterizing a structure or a phenomenon, with 
respect to the adopted initial state (Bień, 2010).

The correct identification of safety threats to a structure requires information about its 
current state and behavior under the influence of interactions. The surveys which provide 
information about the structure can be carried out periodically or continuously. Skłodowski 
(2009) states that adequate monitoring, that is, continuous surveys, allow for the assessment 
of changes in the structure condition, which is necessary to identify hazards. Monitoring, as 
opposed to singular surveying which provides information on the current state only, enables 
users to track changes. A key difference between periodic surveying and monitoring is the 
amount of recorded data and the time of their collection, as well as the time required for their 
processing. The amount of information recorded during monitoring requires the use of auto-
mated systems for recording observations.

According to Bień (2010), the essential features of monitoring systems are:
– the frequency of surveying, conditioning the division into continuous surveying (with 

a certain sampling rate), periodic surveying and irregular surveying;
– the scope of monitoring, including, for example, monitoring of displacements, deforma-

tions and vibrations of construction elements;
– the type of tested processes, distinguishing physical processes (including material fa-

tigue, displacements and deformations), chemical and biological ones.

From the point of view of this publication, it is particularly important to monitor the re-
sponses of structures to loads. They are carried out to evaluate the safety and comfort of their 
use, and changes to the response of the structures to loads during their exploitation. The mea-
sured quantities and the location of the measurement points should be selected individually 
for each structure. On this basis, it should be possible to assess the behavior of a structure 
according to the criteria of safe use, arising out of theoretical analysis, and design standards or 
regulations defining the terms of use. Changes in the response of a structure to loads usually 
indicate the occurrence of damage.

The monitoring process combines aspects of different disciplines, including civil engi-
neering, measurement systems, structural mechanics and digital signal processing. The main 
aim of the interdisciplinary research is to improve the resilience of building structures to 
the occurrence of extraordinary excitations from e.g. wind or earthquakes. Within the scope 
of the monitoring studies, the values of displacements, deformations, vibration velocity and 
acceleration in the function of time, as well as the distribution of these values on the structure 
in the selected points in time, are subject to observations.
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3.1.2. Research-assisted design
Designing structures requires the consideration of certain restrictions on the values that 

describe the behavior of a structure. Not exceeding specified values (such as acceleration) is 
essential in terms of comfort of use, while others (such as forces) which displacements depend 
on are important from the point of view of safety. A classic approach to the design of building 
structures was based upon static loads only (Housner et al., 1997). Modern design adds the 
dynamic response characteristics (including damping parameters and modes of vibration). As 
a result, today’s building structures are designed in such a way as to meet static or dynamic 
requirements, resulting from the presence of external loads of a certain size. Instead, a recent 
approach is based on the dynamic response of building structures, which may appear very 
rarely, and which can only be obtained by monitoring the structure. Monitoring of building 
structures contributes significantly to the design of new buildings and the repair of existing 
ones, damaged, for example, by earthquakes or wind. In the design process it is not always 
possible to guarantee such a dynamic response of a building structure that will provide safety 
and comfort of use.

During the design stage of building structures, design situations are assumed, taking 
into account the conditions in which the structure is to function (EN 1990:2002). They are 
divided into permanent, temporary, unique and seismic ones. Limit states of the structure 
refer respectively to the design situations. There are ultimate and serviceability limit states.

Ultimate limit states relate to the safety of users and/or of the structure. 
Ultimate limit states subject to control include:

– loss of structural balance, or a part thereof, treated as a rigid body;
– damage caused by excessive deformation, material damage or loss of stability of the 

structure, or part thereof;
– damage due to fatigue or other cyclical effects.

Serviceability limit states relate to the functioning of a structure or its components under 
normal use, as well as user comfort and the building appearance. When checking the service-
ability limit state, it is recommended to use the criteria of deflection, vibration and damage.

In building practice, research-assisted design plays a particularly important role. The EN 
1990:2002 standard specifies the circumstances in which it may be necessary to implement it. 

These are:
– the inability to apply appropriate computational models;
– the need for a large number of the same elements;
– the need to confirm the calculation assumptions.

In research-assisted design, it is essential to conduct several types of tests. From the 
viewpoint of this work, the most important are:

– control checks of the actual behavior of a structure or its components after execution, for 
example, in order to determine elastic deflection, vibration frequency, or damping;

– studies to directly determine the limit capacity of the structure or its components which 
are subject to certain loads, such as shock loads.

Carrying out surveying on real structures requires the adoption of certain assumptions 
regarding the behavior of the examined structures. It is necessary to specify the required 
accuracy and the expected measurement range, and to identify places in which observations 
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are to be carried out. Furthermore, in the case of dynamic phenomena, it is especially im-
portant to define the required sampling rate, allowing the structural behavior to be captured. 
All these factors determine the choice of methods and measurement instruments. In addition, 
a significant limitation on the choice of surveying technology is sometimes the lack of direct 
access to the structure.

An important element of research is also its proper planning. A load plan should include 
information on the place of application of the load, load history, limitations, temperature and 
humidity, as well as load and strain control. The commencement of research should be pre-
ceded by drawing up a list of measurement points and procedures for recording the results.

3.2. Surveying of static displacements

3.2.1. Review of the requirements
Surveying of displacements, and strain determination on their basis, is carried out in 

situations such as acceptance test loads of building structures, for example roofs (Kowalew-
ski, 2009) or bridges (PN-S-10050:1989, PN-S-10040:1999), or testing slow (e.g. diurnal) 
changes in the shape of structures, caused by changes in temperature (Lechman, 2000; Ko-
cierz et al., 2011). The monitoring of hydro-engineering structures is of particular importance. 
Displacement surveying, in this case, requires great care and high accuracy (U.S. Army Corps 
of Engineers, 2002). The Regulation of the Minister of the Environment (Rozporządzenie 
Ministra Środowiska..., 2007) determines the extent to which hydraulic structures are subject 
to control checks, and which inspection equipment hydro-engineering structures should be 
equipped with. These include devices to measure displacements and determine deformations 
of a building structure, its subsoil and the adjacent area. In addition, hydro-engineering struc-
tures should be equipped with an automatic reading device and non-automatic equipment used 
to verify its readings. The frequency of control surveying and limit values of the observed 
phenomena (e.g. displacements) is determined at the design stage.

3.2.2. Bridge structures
In the course of their exploitation, bridges are subjected to both static and dynamic impacts. 

The research methodology of bridges under static loads involves three basic steps (Bień, 2010):
1.   development of a research project that contains, among others, load schemes and a de-

scription of measurement systems and determination of the expected values of the mea-
sured quantities (structure displacements);

2.   conducting tests involving implementation of the loads and measurement of specific 
values;

3.   analysis and evaluation of the obtained results including, among others, interpretation 
of the measurement results and their comparison with the values predicted in the project.

The purpose of static loads applied to bridges is to provide information about their actual 
condition and correct functioning. The surveying and analysis of structural response to loads 
is a significant group of diagnostic tools (Ryall, 2010). Research is usually performed as a test 
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load before the structure is declared ready to use, but, in addition to acceptance tests of newly 
constructed buildings, the surveying of structures in use, the characteristics of which may be 
subject to changes, are also carried out. These studies provide a comprehensive assessment 
of the functioning of the structure, and their results are used in the detection and identification 
of damage. The actual properties of a bridge determined in this way, compared with the results 
of test loads, which are a kind of “bridge certificate”, are useful to assess the safety of the 
bridge at the time of its use (Madaj and Wołowicki, 2007).

An important advantage of experimental surveying is the possibility of its use to cali-
brate numerical models, which are formed at the structure design stage. Models often assume 
a number of simplifications compared to a real structure, because of a variety of phenomena 
that affect it and the complexity of its construction. Discrepancies between a building design 
and a real structure result from errors and omissions committed during the construction stage, 
or the use of materials incompatible with the project.

The provisions of the PN-S-10050:1989 and PN-S-10040:1999 standards as well 
as the recommendations of the General Directorate for National Roads and Motorways 
(GDDKiA, 2008) indicate which types of bridges (road and rail), of reinforced and pre-stressed 
concrete, as well as steel ones, should be subject to static test loads. While conducting tests, 
deflection (displacements) surveying is the primary type of measurement. In the case of re-
inforced and pre-stressed concrete bridges, it is carried out for the main sections and points 
of the structure, according to the test load design, even with an accuracy of 0.02 mm (depend-
ing on the expected maximum displacement). For steel bridges, this value is 0.1 mm. The 
PN-S-10040:1999 standard describes in detail the series of surveying carried out before, 
during and after the load. At each test load, surveys for the settlement of the supports are also 
necessary and are made by precision leveling. Based on the results of test loads, the decision 
to declare a structure ready for use is made, however, even a structure showing anomalies 
can be accepted under the condition of it being subjected to long-term observations and 
survey monitoring.

The PN-S-10050:1989 standard allows other ways to carry out research with the con-
sent of the investor, if it is scientifically substantiated and carried out by research units.

The research results are used in the assessment of the correctness of the project develop-
ment and structure implementation, as well as in determining the conditions of the structure 
approval for use. For the diagnosis of bridges, it is important to explain any discrepancies 
between the results of experimental studies and theoretical analyses. 

Analysis of the results of the static loads can be used for identifying different types 
of defects, such as:

– displacements exceeding the design values;
– loss of continuity of the material due to cracks or scratches which alter the stiffness;
– limited possibility of displacements, for example, by blocking the movement of the bear-

ings.

Typically, procedures for systematic research of operational loads are designed individual-
ly for each structure in the form of a monitoring system of its condition (Park, 2008; Schmidt, 
2010). The concept of each system must take into account the status of the monitored structure 
in the communication network, type of structure and conditions of its use, etc. In addition to the 
effects caused by moving operational loads, the phenomena caused by environmental factors, 
such as wind or ground movement, are subject to systematic observations as well.
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3.2.3. High structures
Among high building structures, attention should be paid to structures that are particular-

ly susceptible to static displacements caused by external loads. These include masts, towers 
and smokestacks.

Tower structures, like bridges, are exposed to static and dynamic impacts. Types of static 
impacts, which masts and towers are subject to, have been set forth in the EN 1993-3-1:2006 
standard. These include dead load, the impact of temperature, wind action (simplified from 
dynamic to static), icing load, initial tension of guy-wires and operational loads. Serviceability 
limit states, considered for static effects, are displacements or rotations impeding the proper 
functioning of antennas and other equipment.

Rykaluk (2007) provides the value of the maximum allowable deflection of the top 
of a tower as equal to 1% of its height above the mounting level. 

This recommendation does not apply to energy towers, for which the maximum deflection is:
– h/90 for towers with a height h ≤ 60 m,
– h/150 + 0.25 m for towers higher than 60 m.

Two of the main sources of information on the proper functioning of telecommunication 
towers are: an industry manual dedicated to the exploitation of towers and masts (Telekomuni-
kacja Polska, 1994) and the EN 1993-3-1:2006 standard. The basic geometrical parameters to en-
sure the correctness of the functioning include: shaft axis deviation from the vertical, and rotation 
of the shaft. The guidelines set out the limits of the tower shaft axis deviation from the vertical, 
and rotation of the shaft cross-section along its entire height and for any section. For antenna 
towers, the serviceability limit state is expressed by the limit value for the rotation angle of the 
horizontal section. It is typically 0.5°, although for certain types of antennas the rotation cannot 
be larger than 0.2°. These conditions result from the need to maintain telecommunications.

In the case of reinforced concrete industrial stacks, the necessity to carry out acceptance 
surveys, the result of which is the initial shape of the smokestack and the position of the foun-
dation, has been specified in the PN-B-03004:1988 standard. This standard also specifies the 
situations in which further control surveying of subsidence and deflection should be carried 
out. The stack current state assessment results are stored in the stack certificate. They are made 
for stacks with a height greater than 100 m, and for stacks of a particularly important purpose.

Thermal loads also have a significant impact on the behavior of industrial stacks. Lech-
man (2000) states that insolation can contribute to the formation and development of cracks 
in the stack shafts. In response to the sun exposure, the upper part of the stack is deformed 
and moves. Sample values of deflection f, calculated according to the equation (2.26) for 
a cylindrical stack with a diameter d = 10 m, have been summarized in Table 3.1.

Table 3.1
Stack deflection values [m] depending on the height of the stack and the temperature rise

ΔT [K]
H [m] 1 5 10 30

100 0.01 0.04 0.07 0.22
200 0.03 0.15 0.29 0.87
300 0.07 0.33 0.65 1.96
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3.3. The meaning and scope of vibration measurement

3.3.1. Building requirements
The purposes of conducting structural vibration surveying have been determined by the 

TC 108 Technical Committee of the International Organization for Standardization ISO in the 
ISO 4866:2010 standard. The TC 108 Committee, responsible for the subject matter of me-
chanical vibrations, shocks, and monitoring conditions, provides the four main objectives 
of conducting vibration surveying. 

These are:
– identifying structural problems,
– control monitoring,
– verifying design parameters,
– diagnosing structural problems.

Identifying structural problems consists of evaluating the vibration level in terms of its 
significance to users of the tested structure and the functioning of its equipment. Vibration 
monitoring is carried out in order to figure out whether the vibrations determined during the 
surveying do not exceed permissible limits.

When designing structures, some values of dynamic loads are assumed. In order to 
verify the assumed structural response and to set new design parameters, vibration surveying 
is conducted.

Diagnosing structural problems may signal a need for further research on the basis of the 
current level of vibrations. The surveying is carried out in order to provide the information 
required to take preventive actions.

Before conducting vibration measurements of the structure, a study program must be 
developed, which should include:

– the inventory of vibration sources affecting the investigated structures,
– the definition of measuring apparatus,
– the location of measurement points,
– the schedule of the experiment.

One of the major causes of conducting dynamic monitoring is the ability to detect and 
identify structural damage, revealing the changes in the dynamic characteristics. A sensitive 
factor, useful for the diagnosis of the structure, is the natural frequency. Salawu (1997) shows 
the relationship between changes in the frequency and damage to the structure.

The natural frequency of the structure decreases with progressive damage. These chang-
es may occur due to: damage to the supports, widening cracks and overloading. The degree 
of change in the frequency depends on the location of the damage with respect to the shape 
of the structure vibration modes. Detection of the damage may be unreliable when it occurs 
where the stress is small. The minimum level of the changes in natural frequencies which 
allows researchers to conclude with great confidence that damage has occurred is 5%.

In addition to detecting damage, research is being conducted on the possibility of lo-
cating it. In the case of simple structures, location of the damage is possible, even with an 
accuracy of less than 1% of the structure length (Maia et al., 2003), however, in the case 
of complex structures, the effectiveness of these methods is low.
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According to the ISO 4866:2010 standard, vibration measurement is an empirical de-
termination of the dynamic characteristics of the structure, which are described by the fre-
quencies and modes of natural vibrations as well as damping coefficients. Characterization 
of both the properties of vibrations and the structural response can be made using a variety 
of displacement, velocity or acceleration sensors. Vibration velocity and vibration accelera-
tion are defined respectively as the first and second derivative of the vibration displacement 
with respect to time.

The values of accelerations, velocities and displacements may be subject to surveying. 
All of these values can be determined from the others through proper integration or differ-
entiation. ISO 4866:2010 recommends, however, the choice of a sensor which allows the 
direct measurement of a specific value, avoiding the process of integration and differentiation. 
Particular attention should be paid during the integration of the signals of low vibration fre-
quency. This process requires caution and certainty in terms of the amplitude–phase response 
of the transducer and the measurement conditions. Diligence should also be maintained with 
the use of phase information derived from velocity sensors while conducting studies on 
low-frequency vibrations.

The system which is used to measure the vibrations is mostly composed of sensors 
(transducers to convert a physical signal into an electrical one), the signal amplifying unit 
and the signal recording unit. Accuracy depends on the characteristics of the equipment, 
which should be determined during regular calibrations within the time limits specified by 
the manufacturer or the relevant provisions. Each device should have a calibration certifi-
cate. Vibration should be characterized on the basis of continuous surveying of amplitude, 
recorded over a sufficiently long period of time and conducted with an accuracy sufficient to 
perform spectral analysis. As part of a full analysis of the dynamic response, ISO 4866:2010 
recommends the use of a system for the estimation of frequencies with an accuracy of ±0.5%.

A single measurement system is not able to meet all the requirements of dynamic mon-
itoring, posed for the whole range of phenomena, which are included in ISO 4866:2010. The 
choice of sensor is essential for the proper evaluation of the oscillatory motion. 

The most commonly used instruments for measuring vibrations are:
– velocity sensors,
– piezoelectric and capacitive accelerometers,
– other electromagnetic sensors.

Different types of sensors for measuring vibrations are presented in Section 3.4.
Stypuła (2006) lists the parameters that should be considered when choosing a measure-

ment system for monitoring vibration. 
These are:

– required type of the measured value (displacement, velocity, acceleration),
– measuring range, i.e. the maximum amplitude that can be measured with a certain accu-

racy (Tab. 3.2),
– required frequency range of the measurement system (Tab. 3.2),
– sensitivity and accuracy of the measurement system.

Most damage to the structure caused by the vibration of anthropogenic origin occurs at 
the forcing frequency of 1 to 150 Hz. Natural sources, such as earthquakes or wind forces, 
transfer the energy causing destruction at low frequencies, in the range of 0.1 to 30 Hz. Struc-
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tural response ranges for different sources of vibration have been specified by ISO 4866:2010. 
Table 3.2 shows some of them. The limits are the extreme values, but indicate the quantities 
that may occur and should be taken into account in measurement planning.

Table 3.2 
The range of structural response for selected sources of vibration (ISO 4866:2010)

Source 
of vibration

Frequency 
range
[Hz]

Amplitude 
range
[mm]

Velocity 
range

[mm/s]

Acceleration 
range

[mm/s2]

Time characteristics 
of the source

Traffic (road, rail, 
underground) 1÷100 0.001÷0.2 0.2÷50 20÷1000 continuous / 

momentary

Machines (external 
and internal) 1÷300 0.001÷1 0.2÷100 20÷1000 continuous / 

momentary

Earthquakes 0.1÷30 0.01÷100 0.2÷400 20÷20000 momentary

Wind 0.1÷10 0.01÷100 – – momentary

3.3.2. Vibration surveys of buildings
An important issue related to the measurement of vibration is assessment of the harm-

fulness of vibrations transmitted through the subsoil to the building. The PN-B-02170:1985 
standard is dedicated to this subject.

Most buildings are designed for vertical impact. However, in most cases of paraseismic 
impacts, they have no significant effect on the structure. Horizontal vibration has a signif-
icant effect, though. Due to the fact that computational processes are very labor-intensive, 
the PN-B-02170:1985 standard contains simplified rules for paraseismic impact assessment. 
For this purpose, the so-called dynamic impact scales, SWD-I and SWD-II, are applied (ex-
ample in Figure 3.1), regarding low and medium-high buildings, respectively. The values 
of displacements d or accelerations a, together with the corresponding frequency values are 
determined on the basis of surveying, and then on the basis of the SWD scales, the hazard 
zone of the impact is defined. The standard recommends the selection of the structure mea-
surement points on ground level to determine horizontal vibrations of the whole structure, 
not of its elements.

For example, Zone I denotes the vibrations which are not noticeable by the building, 
while Zone V – the vibrations that cause the damage of buildings (falling ceilings, collapsing 
walls, etc.). The choice of the type of boundaries between the zones, marked by dashed or 
solid lines, shall be made on the basis of the condition of the building or the materials and 
construction, the type of subsoil and foundation, as well as the type of vibrations.

According to Stypuła (2006), while assessing the effects of vibrations on buildings, 
first the dynamic characteristics of the structure are determined to see if there is a risk of res-
onance. Then the structure is checked in terms of strength, assuming all the forces (static 
impact) and the forces of inertia (dynamic impact).
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Figure 3.1. SWD-II scale for displacements and acceleration (PN-B-02170:1985)

In Poland, in order to assess vibration hazards for existing buildings, the Mining Intensity 
Scales are also applied: GSI-2004, which is recommended for use in the Legnica-Głogów 
Copper Basin (Wodyński, 2007), and GSI-GZW, developed for the Upper Silesian Coal Basin 
(Popiołek, 2011).

To assess the effects of mining tremors in buildings, three versions of the scales can be used:
– GSI-2004-V or GSI-GZW-V, based on the velocity amplitude of horizontal ground vi-

brations and their duration,
– GSI-2004-S or GSI-GZW-S, based on the acceleration spectral response,
– GSI-2004-A or GSI-GZW-A, using the acceleration amplitude of horizontal ground vi-

bration and duration.

An example is the GSI-2004-V scale (Fig. 3.2). Levels highlighted on the scale represent 
various vibration effects – from Level 0, which means tremors noticeable in a weak manner, 
to Level III, which can mean even structural damage to buildings.

In addition to assessing the harmfulness of vibrations transmitted to the buildings, an 
assessment of the impact of vibrations on people residing in the buildings is carried out. The 
rules for its performance have been specified in the PN-B-02171:1988 standard. This includes 
limit values of the parameters describing mechanical vibrations, ensuring comfort to the 
people residing in these buildings. They depend upon: the purpose of the premises, the time 
of the occurrence of vibrations, the repeatability and nature of vibrations, and the relationship 
between the direction of the vibrations and the position of a human. The evaluation is carried 
out based on the results of spectral analysis of the vibrations affecting humans.

Diagnosis of vibration effects on the surroundings also applies to devices located in 
buildings. The PN-B-02170:1985 standard defines the limits of effective velocities of vibra-
tions for certain classes of device sensitivity to dynamic influences.
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Figure 3.2. GSI-2004-V scale (Wodyński, 2007)

3.3.3. Dynamic testing of bridge structures

The dynamic properties of bridge structures are affected by various types of structural 
damage (Bień, 2010). For this reason, the study of bridge structures under dynamic loads is 
of particular importance in the diagnosis of bridges. 

As in the case of the tests conducted under static loads, the main stages of the work 
include:

1. development of a research project that contains, among others, a manner of forcing vi-
brations (test loads or operational loads), a description of measurement systems and 
determination of the expected structural response;

2. conducting tests, including surveying of displacements, velocities or accelerations of vi-
brations;

3. analysis and evaluation of the obtained results, including dynamic amplification factors, 
frequencies and modes of vibrations, as well as damping parameters.

Test loads are carried out to verify the structure calculation model and to confirm 
the designed safety margins. Dynamic load values should be analyzed with respect to the 
measurement accuracy, which will allow for a reliable assessment of the structure prop-
erties. Recommendations of the General Directorate for National Roads and Motorways 
(GDDKiA, 2008), as an example, point to the accuracy of determining displacements at the 
level of 0.01 mm, and the strains – 5·10–6.

The provisions of the PN-S-10050:1989 and PN-S-10040:1999 standards, as well 
as the recommendations of the General Directorate for National Roads and Motorways 
(GDDKiA, 2008) describe in detail which bridge structures (road and rail) of reinforced, pre-
stressed concrete and steel should be subject to dynamic load tests. Ways to force dynamic 
effects (most often by vehicles in motion) are also described in detail.

Surveys during dynamic tests are carried out using sensors which allow the deforma-
tions to be determined. On their basis, natural frequencies, damping decrements and dynamic 
coefficients are calculated. Based on the value of vibration frequency, resonant velocity is 
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estimated. The deflection of a bridge should not exceed the value of the static deflection 
multiplied by the dynamic amplification factor ρ, which is defined by the equation (2.48).

In the case of bridge structures, it is particularly important to determine the value of the 
dynamic coefficient. It shows how the impacts of static loads are increased as a result of an 
interaction between a bridge and a passing vehicle. 

The dynamic response is obtained directly from the measurement, and the reference 
value (or the maximum value of the static response) can be determined as follows (Paultre 
et al., 1995):

– by performing a static load on the bridge (for example, through a slow drive of a vehicle 
with high weight),

– by the use of a low-pass filter to “smooth out” the impact of the dynamic response 
(Fig. 3.3),

– through mathematical modeling using the finite element method.

Figure 3.3 presents an example of displacements of the midpoint of the bridge span while 
a vehicle is driving across. Symbols t1 and t2 denote the moment of the first axle entering, and 
the rearmost axle running off the span, respectively. The figure identifies the oscillographic 
record of forced vibration (f), natural vibration (n) and the values of static deflection (qst) and 
dynamic deflection (qdyn). The logarithmic decrement of damping, measured in order to carry 
out an assessment of the bridge behavior, is determined by direct measurement of damped 
natural vibration (n). Only after finishing the forced vibrations, is it possible to determine the 
actual damping characteristics, at least for the fundamental mode of vibrations.

Figure 3.3. Record of displacements with dynamic loads (Madaj and Wołowicki, 2007)

The methods for detection and identification of bridge damage based on dynamic anal-
yses are a continual subject of research. They are based primarily on analysis of resonant 
frequencies and of modes of vibration and their derivatives (Maia et al., 2003).

The evaluation of measurement results from dynamic tests and research regarding bridg-
es is contained in the ISO 18649:2004 standard. The purpose of the assessment is to define 
all the dynamic characteristics of studied vibration modes, i.e. frequency, stiffness, vibration 
modes and damping, as well as their nonlinear changes with the amplitude of movement. The 
determined characteristics can be used to be compared to the initial design values.
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Study of the dynamics of bridge structures is also carried out in order to verify the cor-
rectness of analytical models adopted to determine the dynamic characteristics of the structure 
(e.g. Ren et al., 2004). Analytical models are built based on the finite element method. Theo-
retically, the ideal model should be consistent with the experimentally determined frequencies 
and modes of vibrations. In practice, complete accordance between all the calculated and 
measured characteristics is not expected. Only frequencies which are the most important for 
the structure and modes of vibration are used for comparison. In addition, higher frequencies 
of certain types of excitations are not revealed well enough to determine them in a credible 
manner, and are irrelevant in the structural response.

The problems related to the use of bridge structures are also associated with the reception 
of vibrations by pedestrians, and the impact of vibration both on vehicles and the comfort 
of their users. Vibration monitoring is conducted to assess these impacts which, in addition to 
the frequency of vibrations, requires the amplitude of dynamic response to be taken into account.

The provisions of ISO 18649:2004 indicate that seismic areas, in order to ensure the safe-
ty of the structure, require dynamic monitoring to be conducted. Observations should include 
the vibrations of structural elements after the structure was built, as well as ground vibrations. 
The evaluation of damping characteristics is carried out by comparing the measured data with 
the values assumed in the design process. Similarly, the dynamic response to wind effects can 
be measured and compared with the assumed values. Based on the analysis of the obtained 
results, the use of damping devices is considered.

3.3.4. Dynamic testing of high engineering structures
For designing tall steel structures (towers, masts and stacks), in addition to defining the 

criteria for ultimate limit states, the provisions of the standards particularize the following 
serviceability limit states, resulting from dynamic impacts:

– deflections arising from the impact of the wind, in the direction of, and perpendicular to, 
the wind direction, which adversely affect the manner of the structure utilization,

– inclinations or vibrations, causing the loss of transmitted signals and anxiety of observers,
– deformations, displacements, inclinations and vibrations, causing damage to non-struc-

tural elements.

From the point of view of structure dynamics, towers and masts are checked with regard to:
– vibrations in the wind direction, from wind gusts;
– vibrations in a direction perpendicular to the direction of the wind, from vortex shedding;
– galloping, causing vibrations of guy-wires;
– vibrations caused by wind and rainfall.

The EN 1993-3-1:2006 standard provides for the determination of dynamic character-
istics on the basis of the research of unusual structures, incompatible with the cases included 
in the construction standards.

Conducting the research of tower structures, external conditions should be taken into 
account. The frequency of vibrations will vary depending on load conditions. Different values 
of vibration frequency are obtained with a calm wind, with icing of the structure and with 
wind impact.
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Vibrations of structures with elongated shapes (towers, masts, smokestacks, but also 
bridge spans and cables) are usually the result of the formation of Benard-Karman vortices, 
detaching with a frequency equal to one of the structure’s natural frequencies. This phenom-
enon has been described in Section 2.4.2.

Displacement amplitude surveys allow the assessment of calculation procedures and 
identification of the necessity to take into account other factors influencing steel structures 
subjected to the vortex impact. For example, surveys were carried out to verify the specific-
ity of vortex shedding for steel stacks, described in EN 1991-1-4:2005. Dyrbye and Hansen 
(1997) presented the possibility of underestimating the response of some structures to vortex 
shedding by the provisions of the standard. This points to the particular importance of direct 
observation on real structures.

The loads acting on the reinforced concrete and brick smokestacks have been specified 
in the PN-B-03004:1988 standard. These include dead load, wind load and thermal load. The 
loads occurring during the utilization give rise to changes in the state of stress in the structure. 
From the point of view of the structure dynamics, the standard requires the determination 
of the structure’s dynamic characteristics, i.e. the period (or periods) of natural vibration and 
the corresponding modes of vibration, as well as damping characteristics. These values should 
be determined after the project has been approved, the stack has been erected, and after any 
significant change in construction and materials as a result of renovation works. They are 
recorded in the certificate of a stack.

In addition, the EN 1993-3-2:2006 standard describes the procedure for measurement 
of the logarithmic decrement of damping. Accelerations, displacements, forces and strains, 
which are the measurement signals, are subject to recording. The surveying should be carried 
out in two perpendicular directions at the same time to take into account all the energy of vi-
brations and to check the correlation of oscillation amplitude.

Sample results of determining the dynamic characteristics of reinforced concrete stacks 
subjected to wind gusts of low velocity were included in the study of Ciesielski and Oruba 
(1996). Experimentally determined frequency spectra have been confirmed computationally 
and can be considered reliable for the first few natural frequencies.

The industry standard (Telekomunikacja Polska, 1994) points to a need for conducting 
dynamic surveying of telecommunication masts and towers, with respect to their mainte-
nance. Surveying and control procedures, which are performed for this type of structure, 
include the measurement of vibrations of guy-wires and the shaft.

The main reason for the excitation of mast vibrations, as in the case of stacks, are Be-
nard-Karman vortices. Rykaluk (2007) analyzes very strong deformations of the structure 
with a height of 200 m, equipped with a tubular shaft (Fig. 3.4). Wind blowing at a speed 
of 8 to 10 m/s caused the vortex shedding with a frequency equal to one of the natural fre-
quencies (about 1 Hz). The maximum amplitude of vibration, observed at the midspan, was 
0.7 m. In addition, the shaft vibrations were accompanied by the vibration of the guy-wires. 
Their maximum amplitude appeared on the second level of the guy-wires and reached 4 m at 
a frequency of 0.5 Hz.

The masts with lattice shafts are less sensitive to vibrations compared with tubular shafts. 
Excitation of their vibrations, however, may occur by vibrating guy-wires, with an unfavor-
able ratio of the natural frequencies of the shaft to guy-wires.
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Figure 3.4. Diagram of vibrating mast deformation; dimensions in meters (Rykaluk, 2007) 

3.4. Methods for surveying displacement and vibration

3.4.1. Elements of metrology
Studies of the technical condition of engineering structures are carried out by measuring 

and analyzing the structural response to static or dynamic loads (test and operational loads). 
Being a collection of information about the test structure to which one can refer in subsequent 
surveying periods, or which can be collected in continuous long-term monitoring, they allow 
for the evaluation of the entire structure. 

Such studies are conducted using a variety of sensors and measuring devices which 
enable specific values to be determined:

1. linear displacements,
2. angular displacements,
3. deformations,
4. velocity of vibrations,
5. acceleration of vibrations,
6. width of cracks.

For this purpose, surveying methods are used (Cosser et al., 2003; Roberts et al., 2004; 
Kopáčik et al., 2011), as well as mechanical, inductive or capacitive sensors (Pradelok, 2009; 
Łaziński and Salamak, 2010), laser and radar technology (Gentile, 2010), string sensors, 
electro strain gauges (Paultre et al., 1995), extensometers, optical fiber sensors (Ansari, 2007), 
and piezoelectric sensors (Meng et al., 2007). The values obtained with these tools describe 
both the static and dynamic states of the surveyed building structures. In general, it can be 
assumed that displacements and strains, significant as to the value, are determined using the 
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most typical surveying techniques and tools (relatively or absolutely). In the case of displace-
ments and strains of relatively small values, occurring on the structure locally or out of reach 
of surveying techniques, various types of measurement sensors are used. The sensors are 
especially widely used in the dynamic surveying of small displacement values. They allow 
for the direct surveying of displacement, velocity and acceleration of vibrations. Surveying 
techniques and tools are also used in this field, but they are limited to the examination of long-
term displacements of sufficiently high vibration values.

The aim of the research studies described in this monograph was to conduct basic and 
applied experiments to evaluate the possibilities and formulate the principles for determining 
displacements, velocities and accelerations of building structures using a ground-based IBIS in-
terferometric radar. This involved conducting comparative experiments using the current, com-
monly used measurement sensors and surveying tools. The types of measurement sensors and 
surveying tools used during the studies are described below. The operating principles of these 
sensors and tools, their surveying capabilities and limitations have been analyzed as well.

The description of the tools and sensors should be preceded by introducing the concept 
of measurement. Generally, measurement is the name of a set of activities thanks to which 
it can be said that, at the time of the measurement conducted in certain circumstances and 
with the use of specific means, the measured quantity has the value of x from the interval 
<a, b>. Due to measurement inaccuracy, which is always present, a and b do not achieve 
equality. Measurement is conducted in order to know the state of the structure for which there 
is a pattern, called the reference state. The state of the structure is expressed numerically, with 
a corresponding measurement unit, and the assignment of numbers to the state of the structure 
is a measurement scale. 

There are:
– the instantaneous value of the measurement,
– the time course of a single or several values (Piotrowski, 2009).

In the case of the time course, the measurement value (i.e. the measuring signal) can 
have the course: continuous analog (infinite number of values in time) or discrete (sampled, 
quantized, digital), where the domain is an n-element finite set of values, and the counter-do-
main is also a finite set of input signal values x(n). Quantization is when a finite number 
of measurement steps corresponds to a finite number of equidistant intervals yi representing 
the values of the counter-domain. The digital signal is the one where the intervals yi are as-
signed by binary values 2N (N – integer).

At this point, the concept of the measuring range should be introduced, i.e. the range 
of a measured value which can be projected as an output voltage, e.g. 0...5 VDC, or intensity, 
e.g. 0...20 ADC. An additional parameter is the resolution of the measurement, i.e. deter-
mining how close two measurement values can be. If the system is an 8-bit one, then it has 
28 values, which means that, for example, the 5 V range is divided into 256 intervals which 
can describe the state of the structure. The resolution of the transducer should be correlated 
with the resolution of the measuring sensor, otherwise the noise is recorded. The sensitivity 
of measurement is related to the resolution. Measurement accuracy is the difference between 
the measured and the expected value, and it is the resultant of all the errors that have occurred 
in the measurement. The accuracy should be one order higher than the target accuracy of the 
measurement. The measurement should be repeatable. The measurement may contain static 
errors as a result of non-ideal characteristics of the measuring chain. These include the fol-
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lowing errors: nonlinearity, inclination, sensitivity change, error of zero, hysteresis and drift 
time. Figure 3.5 presents graphic characteristics of these errors (Gajek and Juda, 2009), where 
the x axis is a signal and y means the measured value.

Measurement devices can be purely mechanical with an analog readout, or electric, with 
values describing the state of a structure converted into an electrical signal. The devices mea-
suring a given physical quantity combined with the electronics, processing the measurement 
signal (such as an A/C converter), are called sensors. For electrical sensors, the result of the 
current signal value is presented in the digital readout, and also saved in the device’s internal 
memory or in an external recorder. Readings and the recordings take place at different fre-
quencies, depending on the technical solution of the sensor and the needs.

Figure 3.5. Static errors of measurement: a) nonlinearity error; b) inclination error; c) error of zero 
displacement; d) hysteresis error; e) drift time error (Gajek and Juda, 2009)
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3.4.2. Mechanical sensors
The operation of mechanical sensors involves shifting stylus with different mechanical 

transmissions to an analog metering system. Due to their nature, the following mechanical 
sensors are distinguished: lever, gear, lever and gear, and spring (Fig. 3.6). Sensor sensitivity 
depends on the design of the transmission (Jakubiec and Malinowski, 2004).

Gear sensors are the most common and are called dial gauges. In gear sensors, the motion 
of the stylus moves to the toothed rack, which moves the gear and rough measurement indi-
cator. This gear moves, at the same time, another gear connected with the precision indicator. 
The measuring range of these sensors is usually 3 to 10 mm. There are also dial gauges of the 
range 30 mm, 50 mm, or even 100 mm (Fig. 3.7). The elementary scale interval is typically 
0.01 mm, but there is also 0.001 mm for sensors with low ranges. At the range of 3 mm, the 
maximum deviation is 12 μm, at the range of 10 mm it is 17 μm, for 1000 mm it is 50 μm 
(DIN 878:2006 – the standard specifying tolerance for deviations of dial gauge measurements).

Figure 3.6. Schematic operation of mechanical sensors: a) lever; b) gear; c) lever and gear; d) spring [I2]

Figure 3.7. Gear (dial) sensor with a range of 50 mm by Käfer
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The test tasks conducted within the research described further, where there were large 
deflection values, used mechanical dial gauges with centimeter ranges, such as the sensor by 
Käfer with a range of 50 mm, scale interval of 0.01 mm and a maximum deviation of 0.055 mm.

3.4.3. Electrical sensors
Diagnostic studies of building structures, where it is important to determine the values 

of displacement, velocity and acceleration of vibrations, and thus their frequency, primarily 
use electrical sensors: inductive, capacitive, photoelectric, lidar, strain, string, and piezoelec-
tric. The division is related to the physical phenomenon used in a sensor.

3.4.3.1. Inductive sensors
Inductive sensors use electromagnetic induction, that is, the formation of electromotive 

force in the conductor under the influence of changes in the surrounding magnetic flux. 
Inductance is the coefficient of proportionality between the intensity of the current flowing 
through the coil (solenoid) and the magnetic flux. Self-inductance of a coil or mutual induc-
tance of coils may be subject to change. 

Changing the coil self-inductance results from:
– changing the length and the type of core, which is usually ferromagnetic (material having 

a relative magnetic constant greater than 1, for example iron), and has its own sponta-
neous magnetization;

– changing the thickness of the air gap or the air gap section (choke sensors);
– creating eddy currents especially in diamagnetic materials (having a relative magnetic 

constant lower than 1), for example, lead, aluminum.

The change of mutual inductance is caused by the impact of the coils on each other. 
Different conditions of coupling primary and secondary windings occur. This is how the so-
called transformer sensors work. Basic patterns of inductive sensor operation, depending on 
the form of inductance changes, are shown in Figures 3.8a-d.

An additional type of inductive sensor is a magneto-inductive sensor, where the core 
of the coil is a permanent magnet, and occasionally an electromagnet. An example of such 
a sensor is shown in Figure 3.8e. The motion of a ferromagnetic pulse wheel or other magnet 
causes a change in the magnetic flux in the coil.

In all of the analyzed inductive sensors, under the influence of the movement of a mea-
suring head of the sensor coupled with the element causing magnetic flux disorder, there 
is a change in voltage produced in the coils. Depending on the type of sensor, the record 
of changes in the voltage gives an image of a linear or circular motion. The advantage of in-
ductive sensors is the ability to achieve an elementary scale interval of 0.00001 mm. Linear 
variable differential transformers (LVDT) enjoy great popularity in the surveying of displace-
ments. In these sensors, the motion of the measuring stylus causes the movement of a ferro-
magnetic rod in the primary coil and two secondary coils (Fig. 3.9). An integral part of such 
sensors is the cable connector through which current changes in voltage caused by the move-
ment of the measuring stylus are sent to an external recorder. There are also inductive sensors 
for the direct measurement of the acceleration of vibrations. In such a sensor, the motion 
of free (inertial) mass affects the inductance of coils, and the value of changes in the voltage 
is associated with the value of changes in acceleration.



60

Figure 3.8. Diagram of inductive sensors and their characteristics: a) solenoid (Miłek, 2006);
b) choke (Gajek and Juda, 2009); c) eddy current (Miłek, 2006); d) transformer

(Gajek and Juda, 2009); e) magneto-inductive (Gajek and Juda, 2009).

Figure 3.9. Diagram of LVDT inductive sensor operation (Gajek and Juda, 2009)

In the studies carried out in the later part of this monograph, the following sensors using 
the phenomenon of electromagnetic induction were used: DIGI-MET 1728 510 digital dial 
gauges (Fig. 3.10a), a DIGI-MET Mounting Scale 0273 electronic caliper (Fig. 3.10b) and 
LVDT PSz 100 and 150 inductive sensors by PELTRON (Fig. 3.10c). A digital dial gauge used 
in the study allows the measurement of displacements in the range of 50 mm with a resolution 
of 0.01 mm and an error limit of 0.02 mm. The caliper had a rail allowing a movement on the 
interval of 60 cm, with the displacement measurement resolution of 0.01 mm and the error 
limit of 0.02 mm. Both devices have the ability to zero a measurement in any position of the 
measuring element. The current displacement values in both units are presented on the LCD. 
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These sensors have the ability to transmit the result by cable to an external recorder using 
optical-serial communication. The PSz 100 and 150 inductive sensors by PELTRON have 
a surveying range of 100 mm and 150 mm, and the estimated error is 0.5% of the measuring 
range. These sensors have the ability to transmit the result by cable to an external recorder. 
The entire surveying set included: a laptop, a 16-bit data acquisition PCMCIA card, type 
DAQCARD-AI-16XE-50, software for recording, monitoring and data analysis of the record-
ed time series, written in the graphical programming language of the integrated LabVIEW 
system by National Instruments.

Figure 3.10. Inductive sensors: a) DIGI-MET 1728 510 digital dial gauge; b) DIGI-MET Mounting 
Scale 0273 electronic caliper; c) LVDT inductive sensors, type Psz by Peltron

3.4.3.2. Strain gauges

Strain gauges use the phenomenon of changes in conductor resistance under the influ-
ence of an applied force. Under the influence of the deformation caused by the applied force, 
the wire changes its length, cross-section and resistivity. Changing the wire resistance results 
in changing the voltage or intensity of the measurement system. These changes are correlated 
with the degree of deformation of the studied elements and, when recorded in time, make it 
possible to determine the frequency of their change. There are metal and semiconductor strain 
gauges (Fig. 3.11a). Metal strain gauges are very thin wires between two layers of paper or foil 
(base size 1–20 mm). In metal strain gauges, under the influence of the applied force, all the 
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parameters change, but they are constructed in such a way that the dominant role is to change 
the length of the wire, and the others are negligible. Semiconductor strain gauges operate un-
der the piezoresistivity phenomenon, i.e. changes in the resistance of the material as an effect 
of its deformation (crystals of silicon or germanium). They are thin-layer or monocrystalline 
stripes. They have a higher sensitivity to deformation than metal strain gauges. Both types 
of gauge must be installed with the entire measurement plane to the surface of the studied el-
ement. This requires access to the structure, and great care when installing. Strain gauges, due 
to their very small size, produce the image of a local strain and are sensitive to temperature 
variations of a given element, so this factor should also be taken into account during installa-
tion. There are a variety of methods for arranging wire networks (Fig. 3.11b) or semiconductor 
elements of the strain gauge. This allows deformations in different directions to be studied 
using one strain gauge. For direct study of acceleration, piezoresistive acceleration sensors 
are used. A piezoresistor is placed on a bar loaded with free mass. Acceleration of the system 
sets the mass in motion, and this causes tension of the piezoresistor.

Figure 3.11. Metal strain gauge: a) general diagram (Gajek and Juda, 2009); b) sample strain gauge 
network system (Czabanowski, 2010)

In the tests carried out in the later part of this work, metal strain gauges were used. These 
were TFs-10/120 foil strain gauges by TENMEX (Fig. 3.12).

Figure 3.12. TFs-10/120 strain gauge by TENMEX
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3.4.3.3. Capacitive sensors
Capacitive sensors use the dependence of changes in capacitance of the parallel plate 

capacitor from the distance between the plane of its electrodes (capacitor plates), the sur-
face of the electrodes and electrical permittivity of the material between the electrodes. The 
measuring stylus of the sensor, with an appropriate structure, causes a change in one of the 
parameters described above. This results in a change in capacitance, and thus in voltage on 
the measuring system. To obtain the linear characteristics of a sensor, differential systems are 
applied (Fig. 3.13).

Figure 3.13. Diagram of differential capacitive sensor structure (Miłek, 2006)

A differential capacitive sensor, similar to inductive LVDT, allows linear displacements 
to be determined. In another case, using a suitable structure of a capacitive sensor, accelera-
tion is directly determined. These are capacitive accelerometers. The prevalence of their use 
occurred with the development of MEMS (micro-electro-mechanical systems). In this tech-
nology, both mechanical and electrical components can be developed on the same grounds, 
to obtain an integrated sensor. Then, strengthening of weak sensor signals in place of their 
origin occurs, which minimizes noise and interference. The inertial mass of such a sensor has 
appropriate bars (the so-called comb electrodes). Differential capacitor electrodes follow after 
the bars (Fig. 3.14). The same voltage is applied to these electrodes, but with reversed polarity. 
At the equilibrium of the system, the voltage of the central electrode is zero. If the mass motion 
occurs, voltage appears on the comb electrodes, which is a measure of the acceleration. Today’s 
sensors can operate in such a way that voltage is applied to the comb electrodes, which balances 
the system. The known value of the balance voltage is a measure of acceleration.

A very important feature of MEMS sensors is their size, which is several centimeters for 
the whole sensor. The distance between the electrodes is 0.001–0.002 mm. MEMS technolo-
gy, with its small size, allows the creation of triaxial sensors, which determine displacements 
on the directions x, y, z.

The tests carried out in the later part used capacitive sensors of FastTracer triaxial ac-
celerometers by Sequoia (Fig. 3.15). External dimensions of the device are 30 × 55 × 15 mm 
and its mass is 55 g. The maximum acceleration value is ±5 g. The accelerometer performs 
8192 samples per second. The resolution of the measured acceleration is 0.0025 m/s² and the 
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measurement noise is 0.075 m/s². The range of oscillation frequency is from 0 to 2500 Hz. 
Data recording is made on a PC via USB (cable 3 or 30 m) or using wireless LAN transmis-
sion. Data acquisition is carried out using the FTAnalyzer software.

Figure 3.14. Diagram of accelerometer structure (Miłek, 2006)

Figure 3.15. FastTracer Sequoia accelerometer 

3.4.3.4. Photoelectric sensors
Photoelectric sensors use a photoelectric effect under the influence of light radiation. 

Light radiation emits electrons (photo-emission, external photoelectric effect) or changes the 
energy state of the body (photo-conductivity, internal photoelectric effect). Based on pho-
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to-conductivity, photo-resistors (in which the resistance is reduced by radiation), photo-diodes 
and photo-transistors (in which the current intensity changes) operate. In terms of photoelectric 
sensors, light-emitting diodes (LED) are important. They convert electrical energy into radiation 
energy with a suitable wavelength. To measure the displacement and angular motion, optoelec-
tronic encoders are used, so-called incremental or code ones. These sensors have a rotary dial 
(glass or ceramic) with a uniform or code division (respectively: transparent or opaque). The 
light source sent to LEDs, passing through the transparent division of the dial, falls on a pho-
to-diode or a photo-resistor and is read as a logical one. Calculation of the consecutive pulses 
makes it possible to determine the angle value of rotation, which, given the known division 
parameters of the dial, allows users to specify linear distance changes. The further test works 
used the MPL-01 instrument built at Cracow University of Technology using an incremental 
optical encoder (Fig. 3.16). The encoder used in the device consists of two main components: 
a precise measuring ring with an outside diameter of 52 mm, with a band structure on the outer 
surface of the ring with a width of 20 μm, the read head to record the position of the measuring 
ring bands, identifying the bands in two digital channels A and B, phase-shifted by 90°.

Figure 3.16. Optical-electrical encoder MPL-01 (Jamka et al., 2011)

Linear displacement is carried through a steel string hooked to the test element of the 
structure, and scrolled through the shaft of the device. It is converted to rotary motion of the 
measuring ring.

Incrementality of the encoder allows the recording of positive and negative linear dis-
placement increments. The resolution of the measuring system is 5 μm, with the recorded 
signals at the frequency of 1000 Hz.

The signals from the head are recorded by a microprocessor on the basis of interrupts, 
ensuring an undisturbed continuity of surveying, and converted into the actual length of the 
displacement (Jamka et al., 2011).
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3.4.3.5. Lidar sensors

A lidar sensor (interferometer, vibrometer) is a device called a laser radar (it stands for 
“light detection and ranging”). Using laser diodes in the visible light and infrared light, they 
emit a beam which, sent into space and reflected from a structure or an obstacle, returns to the 
photo-diodes. Based on the detection of behavior of a returning signal beam to a base signal, 
lidar devices make it possible to determine displacement, velocity and acceleration of the 
observed structure. To directly determine the displacement, the signal phase measurement is 
used, and to determine the velocity – the Doppler effect, where the movement of the structure 
being measured causes a change in the frequency of the returning signal with respect to the 
base one. The frequency difference is proportional to the velocity of an object. This is how 
interferometers and laser vibrometers work.

The tests covered by this monograph used both an Agilent HP 5529A laser interferom-
eter and a Polytec RSV-150 vibrometer (Fig. 3.17). The Agilent HP 5529A uses a helium-
-neon laser emitting a ray with a wavelength of 633 nm. The working range of the device is 
80 meters. The accuracy of determining the displacement at the entire temperature operating 
range is less than 3 ppm. A Polytec RSV-150 vibrometer emits a wavelength of 1150 nm. The 
range of the device is 300 m, but it depends on the degree of surface reflectivity. To obtain 
this coverage, a reflective foil must be used on the structure. The device performs single-point 
surveying. A telescope as well as a green laser ray of 532 nm is used for the aiming. The 
accuracy of determining the displacement in the whole temperature range of operation does 
not exceed 3 ppm.

Figure 3.17. Lidar instruments: a) Agilent HP 5529A laser interferometer;
b) Polytec RSV-150 vibrometer

3.4.3.6. String potentiometers

String potentiometers use a dependency of changes in the normal mode of vibrations 
of a string to its stress. A string of the sensor is ferromagnetic and must be set into oscilla-
tion. Under the influence of the force applied to the string, the stress changes, as does the 
oscillation frequency. In order to stimulate the strings to vibrate and to receive the vibra-
tions, electromagnets are used. If there is one, it has options for sending and receiving (Fig. 
3.18), if two, then they work independently as excitating and receiving. The primary use 
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of the string potentiometers is to determine the values of changes in tensioning force, but it 
is also possible to evaluate the frequency of changes of this force, and thus the oscillation 
frequency of the element to which the string potentiometer was installed. String potentiom-
eters are sensitive to changes in temperature, and therefore to balance this factor in the string 
measuring systems, thermistors are used, i.e. resistors whose resistance is highly dependent 
on the temperature.

Figure 3.18. Schematic construction of the string potentiometer (Biliszczuk et al., 2009)

3.4.3.7. Piezoelectric sensors

Piezoelectric sensors use a phenomenon that, under the influence of forces acting on 
mineral crystals or on relevant materials produced artificially, means their electric polarization 
takes place. Due to this phenomenon, on the outer surface of the piezoelectric, potential differ-
ence occurs. The resulting charge is collected on the plates of the capacitor. It is proportional 
to the acceleration of inertial mass, which can be a piezoresistant element bent by the force 
of inertia. This element consists of two oppositely polarized plates, whose deflection gives 
rise to voltage, which is the sum of a piezoeffect on both plates (Fig. 3.19).

Figure 3.19. Scheme of a piezoelectric accelerometer (Gajek and Juda, 2009) 

3.4.4. Surveying methods

In terms of surveying measurement methods of static and dynamic displacements, the 
following measuring tools are used: levels, total stations (including scanners), GNSS receiv-
ers, photogrammetric techniques (digital cameras including fast-frame rate ones), and others 
(alignment instruments, lasers, clinometers and inclinometer probes, feelers, plummets and 
pendulums).
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3.4.4.1. Precision levels
Currently, the group of precision levels comprises mechanical and electronic (digital, 

code) levels. Precision levels allow a single difference in height to be determined with an 
accuracy of 0.03-0.05 mm. Due to these values, the instruments may be used in the surveying 
of relative vertical movements (caused by a static load) of any structure component. Me-
chanical levels require a direct readout by the operator. Electronic levels make the readout 
automatically with an optoelectronic method to a leveling staff with a black-and-white bar 
code. The image of the staff visible in the telescope is projected onto the CCD matrix and 
compared with the model introduced to the microprocessor. Measurement and reference sig-
nals are compared with each other using the correlation method, the resulting reading on the 
staff appears on the LCD and is stored in the memory of the instrument.

The biggest advantage of the electronic levels as compared with the mechanical levels is 
the ability to automate the surveying and recording process. Digital levels are equipped with 
a port for communication with external devices, such as PC or PDA. The connection can be 
implemented via a cable used to transmit data (RS232 or USB), as well as via Bluetooth using 
appropriate adapters. Two-way communication of the devices enables external management 
of the level’s work. However, an independent software of the communication process between 
PC/PDA and the level is necessary.

The tests used NI 002 and NI 007 mechanical precision levels by Carl Zeiss Jena, as well 
as a DNA03 digital level by Leica (Fig. 3.20a and 3.20c). 

Figure 3.20. Example of surveying instruments used in surveying experiments described in the mono-
graph: a) NI 007 optical level by Carl Zeiss Jena; b) TCRP1201 total station by Leica; c) DNA03 digital 

level by Leica
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For the purpose of the research, for the DNA03 level, appropriate software was devel-
oped, which from the level of a portable computer allows the implementation of automatic 
reading from the staff at a frequency of 4 times per second. According to Margański (2006), 
the single-read accuracy using fiberglass staffs is about 0.1 mm, and in the case of an invar 
staff – 0.03 mm at the target length of 25 m, and 0.07 mm for the target length of 45 m.

3.4.4.2. Electronic total stations and scanners

Electronic total stations allow for the observation of dynamic and static displacements 
of building structures by observing changes in directions and/or lengths to the characteris-
tic points of the tested structure. Length measurement can be carried out in a reflectorless 
mode (lower accuracy) or to the points signaled with a distance meter reflector (prism, foil). 
High-performance electronic total stations achieve an accuracy of 0.5 mm and 0.5” (e.g. Lei-
ca TDRA6000). Electronic total stations with servo motors and automatic target recognition 
(ATR) are very important to conduct surveying of dynamic displacements. This function 
works by evaluating the strength of the return signal distribution recorded on the CCD ma-
trix. The maximum position of the reflected light is related to the CCD center. The known 
values of this deflection allow for automatic improvement of the values of measured angle 
observations, thanks to which aiming accuracy is raised. Servo motors and automatic target 
recognition allow the surveying process to be automated (Sobczyk, 2003). Automated total 
stations can continuously track the moving prism and record its instantaneous spatial position. 
Changing the position with time allows a displacement value of a point in space to be spec-
ified. With the possibility of independently creating internal software for the instrument, or 
by different connectivity solutions (cable, Wi-Fi), the total station can perform any surveying 
configuration. This gives rise to entire systems of the so-called monitoring of engineering 
structures (Chrzanowski et al., 2003; Karsznia, 2008).

Limitations for the surveying frequency of dynamic displacements are: servo motor 
working speed, speed of automatic measurement of angle and distance, as well as speed 
of data recording by the instrument. The work of these instruments is also limited by at-
mospheric conditions (rain, fog and strong sunlight). According to Cosser et al. (2003), 
the TCA2003 instrument by Leica made it possible to correctly determine amplitudes of over 
10 cm and a frequency of 1 Hz.

At this point it should be mentioned that there is a possibility of using laser scanners 
as well. Their potential appears to be significant, because properly reflecting surface can be 
determined with an accuracy of approximately 2 mm [I3], which, with periodic surveying, 
gives great opportunities to observe surface changes. There are, however, a number of fac-
tors (distance, surface reflectivity and atmospheric conditions), which strongly determine the 
reliability of the surveying method and do not place it among the leading ones regarding low 
displacement values.

In the tests carried out on the issues presented in the monograph, the following precision 
total stations by Leica were used:

– TC2002 with an angular accuracy of 0.5” and a length accuracy of 1 mm + 1 ppm, de-
termined in the laboratory of 0.2 mm over a distance up to 120 m;

– TCA2003 with an angular accuracy of 0.5”, a length accuracy of 1 mm + 1 ppm, and 
a frequency of determining a position equal to 1 Hz;
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– TCRA1102plus with an angular accuracy of 2”, a length accuracy of 2 mm + 2 ppm, and 
a frequency of determining a position equal to 0.6 Hz;

– TCRP1201 (Fig. 3.20b) with an angular accuracy of 1”, a length accuracy of 2 mm 
+ 2 ppm, (determined in the laboratory as 1 mm + 1 ppm for the used specimen), and the 
5 Hz frequency of operation of continuous observation, which provides the opportunity 
to capture structure vibrations in the range of 2 Hz.

For the purposes of the implemented surveying experiments, specially-designed software 
solutions were used, which enabled reference observations to be automated. In field research 
works, the Leica C10 laser scanner was used as a rapid data collecting device on the geometry 
of the structure which the surveying was conducted on.

3.4.4.3. Satellite positioning techniques
Using satellite technology to monitor displacements and deformations of the structure 

has been the subject of research for many years. Satellite receivers are often a component 
of integrated monitoring systems in engineering structures (bridges, smokestacks and dams) 
and open pit mines. The results show that it is possible to measure not only the displacements 
of structural components, but also the frequency of movement. This is possible due to the fact 
that double-frequency satellite receivers determine the position with a frequency of 10 Hz, 
20 Hz, and special ones even with 100 Hz (JNS100 GPS by Javad Navigation System). 
In theory, this provides an opportunity to capture vibration frequencies of 5, 10 and 50 Hz. 
An advantage of using satellite receivers is the ability to obtain a global picture of the oc-
curring phenomena, since a change in the spatial position is recorded. In surveying, it is 
essential that the base (the distance between the base and the rover receivers) is relatively 
short, since it ensures high accuracy in determining the position. With the base at less than 
100 m, sub-centimeter accuracies of determining the position were obtained (Owerko, 2009). 
Similar results were obtained in tests conducted by Roberts et al. (2004), who proved that 
the use of the JNS100 receiver (100 Hz) in confrontation with the Leica SR510 receiver 
(10 Hz) did not change the general information about the vibrations of the test structures, since 
the vibration frequencies higher than 10 Hz had such low displacement values that, despite 
a faster sampling rate using 100 Hz receivers, they were recorded as measurement noise.

In the studies conducted within this monograph, Leica 1200 satellite receivers with 
AT503 choke ring type antennas and standard ones, i.e. AX1202GG, were used. These re-
ceivers have the ability to determine the coordinates with the frequency of 20 Hz.

3.4.4.4. Photogrammetric methods

Photogrammetric methods may also be used when examining static displacements, and 
even dynamic ones with the use of cameras or fast-frame rate cameras. A study on the struc-
ture displacement and deformation can be carried out both in 2D (single-image) and 3D 
(stereo-image). With appropriate exposure conditions, both methods can be used for these 
types of surveys of displacements and deformations of the structure. Changing the position 
of the structural points on consecutive images taken from the fixed positions of the camera 
is a measure of their displacement. The resulting images have to be appropriately adjusted 
due to both the orientation to the structure and instrumental errors, such as distortion. For 
the moment, digital images are used where, in order to determine the displacement values, 
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digital image correlation techniques are used. They provide an opportunity for sub-pixel 
analysis. The accuracy depends on the correctness of assigning a scale of the model and 
a base pixel dimension.

In the research, comparative studies were conducted using a vision system created at the 
Faculty of Mechanical Engineering and Robotics of AGH University of Science and Tech-
nology. It is a system based on the Canon EOS 5D Mark II SLR camera with a Canon EF 
24–70 mm f/2.8 L lens. The camera has a 21-megapixel matrix. While developing the results 
of determining displacements of building structures, a correlation criterion of the normalized 
coefficient of cross-correlation (NCC) was used. Comparative tests of determining displace-
ment values with this system in confrontation with electrical sensors gave convergent results 
at the level of the mean absolute difference equal to 0.3 mm (Kohut et al., 2013).

3.4.4.5. Other surveying instruments

Since the work discusses issues related to the observation of dams, methods which 
are used for the observation of their displacements should be mentioned, other than the 
above-specified surveying techniques and tools. The following tools should be listed: laser 
alignment instruments, clinometers, inclinometer probes, feelers, plummets and pendulums. 
A detailed description of the operation of these instruments has been presented by Lazzarini 
(1977), Bryś and Przewłocki (1998) and Gocał (2010).

Alignment instruments are devices that allow surveys to be carried out using a fixed line 
method. Reference and control points for the tests which use this method are situated at the 
level of the dam crest. In the surveys, the periodic change in the distance of the controlled 
points (on the dam) with respect to the baseline is determined. Alignment instruments are 
characterized by a high magnification telescope (60–100×) and the lack of indexing circles. 
The special design of the telescope ensures the stability of the line of sight during focusing. 
The surveying uses target plates – fixed and moving ones. Moving target plate sliding at the 
controlled points is placed on the line of sight by a micrometer screw, on which the reading 
of the controlled point which has moved away from the line of sight is carried out. The mea-
surement accuracy is 0.1 to 1 mm at the length of the reference line of 500 m. Surveying using 
the fixed line method can also be conducted with the use of a laser emitting a beam of light as 
a fixed straight line, and the plates are replaced by laser beam detector arrays.

Clinometers are instruments used to study changes in inclination. They can be mechani-
cal or electronic devices. Mechanical solutions are based on accurate tubular levels. Through 
a special structure connecting the level with the readout system (micrometer, dial indicator), 
they allow the change in inclination to be determined. This is done by comparing the current 
and original values recorded on the readout system with a horizontal state of the level. The 
accuracy of these devices is 0.01 mm in the range of 5 mm. To measure the changes in the 
inclinations, electronic levels are used as well. An example of such a solution is the Nivel210 
inclination sensor by Leica. Surveying with this device is conducted in two perpendicular di-
rections with a maximum accuracy of ±0.005 mrad (±0.005 mm/m) in the range of 3 mm. An 
additional attribute is the RS485 serial port which enables the operation of multiple devices 
in the network [I4].

Inclinometer probes are used to measure angle deflections in the ground, or in civil 
engineering structures, such as concrete ones. This set consists of a tube fixed in the studied 
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structure and a probe, which is an electronic level connected to the electric meter of the level 
deflection change. The change in the recorded deflection of the level on the known (select-
ed) sections of the tube is converted into a deflection horizontal component with respect to 
the reference point. Probing conducted in consecutive surveys gives an image of e.g. a tube 
deformation. The accuracy specified for such probes is 0.1 mm/meter, but as mentioned by 
Wolski (2001), it is unattainable in the field.

Feelers are used to measure changes in the width of cracks, scratches and joints, and to 
calculate the displacements caused by thermal expansion of the material. To determine the 
changes in the crack opening, pins fixed on both of its sides are used. On those pins, mea-
suring elements of the feeler gauge are installed, in the form of micrometers, dial gauges or 
electronic sensors. A suitable configuration of pin location with respect to the crack allows 
users to determine changes in the aperture in x, y, z directions. The accuracy of calculating 
displacement components is 0.01 mm.

Laser and optical plummets are used for a vertical line, relative to which the distance 
of the points observed at different levels is determined. Changes in these distances determined 
in subsequent periodic surveys are treated as displacements of the building structure elements 
relative to the vertical reference line. The measurement accuracy is characterized by relative 
errors of 1:100 000 or 1:200 000.

Physical pendulums allow the linear inclination value and deformation of structures to be 
determined. There are simple, differential and reverse pendulums. The main element of a pen-
dulum is a freely suspended invar string, which creates the vertical line. Relative to this string, 
the distance to the points representing a building structure are set. Periodic changes in these 
distances are recorded by differential readout systems with an accuracy of 0.02 mm. In the 
conducted research works described in the monograph, the results of the surveys obtained 
from a simple pendulum mounted on the gravity dam were used.

The studies of displacements and deformations of structures such as gravity dams use 
entire monitoring systems based on devices using the operating principles of electrical sen-
sors, which have been discussed above.



73

4. Ground-based IBIS interferometric radar
Łukasz Ortyl, Rafał Kocierz, Przemysław Kuras, Tomasz Owerko

4.1. Introduction

4.1.1. Basics of echolocation systems
Telecommunication systems are used to transmit information using signals. A special type 

is an echolocation system, which obtains information about objects in space using echo signals. 
Echo is created as a result of the reflection of a probing signal from the object (Salamon, 2006).

The operation of an echolocation system is based on the use of electromagnetic or acoustic 
signals. Among the electromagnetic echolocation systems, radar and optical systems are distin-
guished. A device which acquires information about the detected structures in a radiolocation 
system is called a radar. The name “radar” is derived from the English term “radio detection and 
ranging”, which means “detecting and determining a distance using radio waves”. The name 
does not fully reflect the potential of today’s military and civilian radars which, in addition 
to distance, are able to determine the direction, size and velocity of the object being detected.

There are active and passive radars. A passive radar does not emit radiation. Its operation 
is possible thanks to the reception of signals from other transmitters. In the case of an active 
radar, the probing signal is emitted by the radar transmitter. Object detection is carried out by 
using the phenomenon of wave reflection. In an active radar, a transmitter and a receiver are 
integrally connected to each other.

Pulses of electromagnetic oscillation are generated by the transmitter and sent by the an-
tenna in the form of a beam of electromagnetic waves. The antenna is responsible for the 
appropriate shape of the beam – radially in a particular direction. At the moment of the pulse 
being transmitted by the antenna, time measurement begins. An object reflecting the radio 
wave scatters some of the pulse energy, becoming a secondary source of radiation in many 
directions. In the direction of the radar antenna, part of the pulse’s scattered energy is sent, 
which after a while, via the antenna, reaches the radar receiver as an echo signal, where it is 
processed. The distance to the target is determined by measuring the time from the moment 
the pulse is sent to the return of its echo:

R
c t

=
⋅ Δ
2

 (4.1)

where:
 R – the distance between the transmitter and the target,
 c – the speed of propagation of the electromagnetic wave,
 Δt – the time between sending the pulse and the return of its echo.
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Wave reflection and scattering occur when there are changes in the electric or magnetic 
properties of the medium in which the wave propagates. A parameter that describes the ability 
of a structure to reflect a wave is called the radar cross-section.

Radars usually use the microwave band, covering the frequency range from 300 MHz to 
300 GHz, which corresponds to wavelengths from 1 m to 1 mm (Scott, 1993).

The radar signal is an electromagnetic wave of very high frequency, shaped in a sequence 
of relatively narrow pulses. 

Parameters which describe a signal sent by the transmitter are (Fig. 4.1):

– carrier frequency f (and the corresponding wavelength λ),
– sampling period Ts (and the corresponding sampling frequency fs),
– pulse duration τ,
– peak power Pi (proportional to the square of the amplitude Ui).

These parameters are selected according to the radar use and the anticipated conditions 
of its operation.

Figure 4.1. Radar signals and their parameters: a) pulses of a coherent signal – of a fixed initial phase; 
b) pulses of an incoherent signal – of a random initial phase (Czekała, 1999)
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The sampling period Ts and the consequent sampling frequency fs are dependent upon the 
assumed range of the radar (Skolnik, 2002). Between the moments of the transmitter sending 
two consecutive pulses, there must be adequate time in which the first pulse reflected from an 
object located at a distance equal to the radar range Rmax reaches the radar, before sending the 
next pulse, allowing the detection of the object. If the sampling frequency is too high, signals 
from the objects located outside the radar range can return after emitting consecutive pulses 
and cause ambiguities in measuring the distance. Such echoes will be identified at a much 
closer distance than the actual one, giving a distorted result of detection. 

The maximum range Rmax, at which ambiguity is avoided, called the instrumental radar 
range, is:

Rmax = c
f2 s

 (4.2)

The distance R between the transmitter and the target is calculated in a simple way from 
the following equation (Skolnik, 2002):

R[km] = 0.15 · Δt[μs] (4.3)

The pulse duration τ is a parameter which determines the range resolution ΔR. The range 
resolution of the radar is its ability to distinguish between two (or more) objects that are close 
together. It depends primarily on the duration of the emitted pulse. Radar systems should 
distinguish objects separated by at least half of the pulse length (Fig. 4.2). Range resolution is 
taken as the minimum distance that allows objects to be detected separately, and is calculated 
according to the equation:

ΔR
c

=
⋅ τ
2

 (4.4)

When constructing radars, the objective is to achieve high range resolution. However, 
this requires the use of narrow pulses which, in turn, leads to a need to increase the peak power 
of the transmitter (Czekała, 1999).

The notion of the pulse duration τ is closely related to the frequency bandwidth B. There are 
two types of bandwidth. The first is the frequency bandwidth of the signal, which is determined 
by the pulse width or the signal modulation. The second one is the width of the retuning band.

The bandwidth of a single sine wave pulse with a duration of τ is 1/τ (Skolnik, 2008). 
A high bandwidth B is required for accurate distance surveying to the targets and to ensure 
a certain level of capability to distinguish various types of objects.

Retuning bandwidth enables changes (tuning) of the frequency of the radar signal in 
a wide range of the available spectrum. The higher the frequency of the signal, the easier it 
is to achieve wide retuning bandwidth. Restriction on the free use of radar bandwidths are 
imposed by government agencies (in Poland – the Office of Electronic Communications, 
UKE) and the International Telecommunication Union, ITU, whose job is to regulate and 
control the frequency band.

The carrier frequency f and the corresponding wavelength λ are determined primarily by 
the purpose and conditions of the radar operation. Due to the very wide range of frequencies 
used by radars, the capabilities and applications of radar techniques will vary. Large radar 
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range is easier to be achieved at low frequencies, for which it is easier to construct high-power 
transmitters. Low frequencies require, however, the use of antennas of a large physical size. 
On the other hand, higher frequencies allow for accurate surveying of distances and high 
range resolution thanks to the possibility of using a wider frequency band. Additionally, high 
frequencies allow for the construction of antennas of a relatively small physical size.

Figure 4.2. The objects located at a distance D: a) shorter than ΔR – one reflected signal covers two 
objects; b) greater than ΔR – two reflected signals come from two objects

4.1.2. Application of radars in displacement measuring
Currently, the use of radiolocation systems is extensive in many areas. There are, among 

others, devices used for land surveying studies, such as determining displacements of ground 
or building structures. 

These are:
– ground-penetrating radars (GPR), i.e. radars for subsurface sounding (Karczewski et al., 

2011),
– radars for satellite imaging of the ground surface (Kurczyński, 2009),
– radars for ground-based imaging of the ground surface or building structures.

GPR, or subsurface sounding radar, is used primarily to detect and determine the course 
of objects below the ground surface, such as elements of an underground utility network, as 
well as to determine the structure of the subsurface layers and their changes. 

In addition to conventional applications, from the viewpoint of determining the deforma-
tion of building structures, the following are important (Karczewski et al., 2011):

– detection of delaminations between the layers of reinforced concrete slabs of dams which 
can pose risks to the stability of the entire structure;

– the study of changes in the geological structure of levees;
– control of pavement layers and road engineering structures.
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The concept of satellite surface imaging, although not directly related to the topic of the 
work, requires a short discussion, because such surveys can also be carried out from the sur-
face of the earth for a much smaller area. Ground-based imaging, in addition to measuring the 
topography, can be used to measure displacements of building structures requiring accuracy 
which is not attainable from satellites.

For satellite surface imaging, radars with an antenna of a synthesized aperture are used – 
SAR (synthetic aperture radar), described later in this chapter. The image is obtained by 
sending a stream of pulses towards the surface of the earth, each of which illuminates a part 
of the surface, and by receiving a returning echo. The beam is not focused as strongly as in 
the real aperture radar (RAR), thanks to which each point of the area is illuminated by several 
successive pulses. Processing of the original image – a microwave hologram, or a coherent 
image containing information about the amplitude and phase of the signal has been described 
in detail by Bamler and Hartl (1998).

Currently, the most popular technique of land surface imaging is the radar interferome-
try – InSAR (or IfSAR, which stands for Interferometric SAR). The term is used to describe 
processes that use at least two coherent SAR images in order to determine more information 
about the object than that obtained from a single microwave hologram.

The InSAR technique requires the simultaneous operation of two antennas (or one, but at 
different times). This gives the effect of the so-called interferogram from a single pass. A sin-
gle interferogram consists of interference bands presented in a gray or color scale. A single 
band corresponds to the full range of phase differences 0 to 2π. 

The phase difference Δφ determined for each pixel corresponds to the displacement d 
according to the equation:

d
c
f

=
4π c

Δϕ (4.5)

where:
 c – the velocity of wave propagation,
 fc – center frequency.

The phase difference Δφ is an ambiguous value due to the integer multiple of 2π full 
wavelength. For the adjacent interference bands, the difference in slope distance is equal to 
the total length of the wave. Determining the elevation difference for a ground point requires 
counting bands between the images. Determining the elevation also requires knowledge of the 
length of the base and its spatial orientation (Kurczyński, 2009).

A common variant of the InSAR technique is differential interferometry – D-InSAR. 
This is a method for detecting and imaging surface displacements in a large scale of time 
and space, with a precision of centimeters, or even millimeters. In this imaging technique, 
InSAR interferograms taken at different times, which is important from the viewpoint of the 
phenomenon variability, are compared with each other. Changes in the shape of the ground 
surface are determined with reference to the first interferogram.

Both radar interferometry and the SAR technique are used to study the surface of the 
earth, not only from the level of satellites or airplanes. These techniques can also be applied 
in ground-based systems, primarily for the detection of displacements occurring in large areas, 
such as landslides and mining areas (e.g. open pit mines). 
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Examples of the widespread use of radars to study deformation of the ground surface are:
– Slope Stability Radar – SSR, a radar developed in 2002 by the University of Queensland 

in Brisbane, distributed by GroundProbe (Osasan and Afeni, 2010);
– Movement and Surveying Radar – MSR, a radar developed by Reutech Radar Systems 

in the Republic of South Africa in 2006 (Osasan and Afeni, 2010);
– ground-based SAR – GBSAR, the technology developed since 2000 in the following 

systems:
 LISA (Linear SAR), designed by the Institute of Protection and Security of the Citizen 

(IPSC), Joint Research Centre (JRC) of the European Commission;
 IBIS (Image by Interferometric Survey), developed by the Italian company Ingegneria 

dei Sistemi (IDS) in collaboration with the University of Florence.

The operating principle of the IBIS system, which is the subject of this monograph, is 
based on the observation of the surface, not points. The radar transmits a wide beam that 
illuminates the analyzed part of the structure. The reflected signal is recorded and allows the 
simultaneous determination of element displacements, which reflect the radar beam, with high 
accuracy. The spatial position of the structure’s points is represented in one (IBIS-S version) 
or two (IBIS-L) dimensions, and the observed space may contain a large number of reflecting 
points. These properties lead to the problem of the ambiguous location of points on the test 
structure. Thus, the interferometric radar is a device that gives a high precision of displace-
ment determination without the distinct location of the observed points.

4.2. The construction and operation 
of the IBIS radar system 

4.2.1. Application of the IBIS system

The initial information in the scientific literature about the use of the GBSAR tech-
nique to survey displacements comes from around the year 2000. The system was developed 
and modified over many years, until 2007, when its commercial version, the IBIS system, 
appeared on the market.

The need to obtain a complete image of the surface or its changes (also in areas with 
limited accessibility) as an alternative to discrete point surveys, carried out with the use 
of sensors (Pieraccini et al., 2000) became the grounds for developing the GBSAR technique. 
The basic technique considered for these applications was differential interferometry SAR 
(D-InSAR), based on a comparison of the phases of two coherent radar images taken at dif-
ferent points in time.

Ground-based differential interferometry has identified three basic applications, listed 
by Tarchi et al. (2003).

1. Imaging of the surface topography.
 Thanks to obtaining images from the radar positions located at different altitudes, it is 

possible to generate a digital elevation model (DEM). The altitude is calculated for each 
piece of land, to which a pixel of the interferogram corresponds.
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2.   Determining properties of the reflecting structures.
 It is usually assumed that the electrical characteristics of the reflecting surface and struc-

tures located on it are similar to the subsequent imaging. Assuming constancy of the 
surface, it is possible, however, to study the phase shifts caused by both the propagation 
of waves in the atmosphere and the change in electrical properties of the reflecting ob-
jects in time.

3.   Monitoring of ground deformation.
 The phase value recorded for each pixel of a single SAR image contains information 

about the total distance between the radar and the piece of land, which corresponds to the 
pixel. If, in the time interval between two SAR images, surface displacement occurs, for 
each corresponding pixel a phase shift will occur, proportional to the displacement. SAR 
images should be recorded from the same radar position, or from locations of a known 
mutual position.

Tarchi et al. (2000) present the first implementation of the GBSAR technique in the 
form of the LISA radar (Linear SAR). For various applications, various configurations of the 
system were tested (e.g. Pieraccini et al., 2000; Tarchi et al., 2000; Pieraccini et al., 2001; 
Leva et al., 2003; Tarchi et al., 2003). The radar was tested for various applications, such as 
bridge static loads, deformations of the building facade, creating a digital elevation model and 
monitoring of landslides. The versions of the LISA radar differed with the center frequency 
of the output signal (from 4.5 to 16.74 GHz), the bandwidth used (from 80 to 1000 MHz), 
the number of different frequencies modulated by the radar (from 281 to 1601), the length 
of the rail (from 0.63 to 2.8 m) and the number of positions of the radar moving along the rail 
(from 22 to 401). Mechanical positioning of the radar on the rail was carried out automatically 
with an accuracy of 0.5 mm.

Another application of the system was presented by Antonello et al. (2004). The version, 
called In-GRID-LiSA (Interferometric Ground-Based Imaging Deformeter), was designed to 
monitor the displacements of volcano slopes. The center frequency of this device is higher 
than of the above-mentioned ones, and equals 17.05 GHz. This version has the narrowest 
range of displacement surveys due to the ambiguity of the displacement survey, exceeding 
a quarter of the wavelength. If, during the uniform motion of a structure, the end of the range 
is exceeded, for example, –0.25 λ, which the displacement d = –4.4 mm corresponds to, then 
the recorded sequence of displacement values will have a value from the opposite end of the 
range, i.e. +0.25 λ, which the displacement d = 4.4 mm corresponds to. Prototype solutions 
(LISA, InGRID-LiSA) preceded the later commercial system IBIS-L.

In 2004, the concept of using a ground-based radar to study the dynamics of building 
structures emerged (Pieraccini et al., 2004). It was assumed that a significant dynamic re-
sponse of the structure is contained in the frequency range from 0 to 20 Hz. Displacement 
surveying sensitivity and radar cross-section (see Section 5.1) for this type of research would 
reach values high enough for the center frequency fc  > 10 GHz. However, the higher the 
frequency, the smaller the range of displacement survey, due to the ambiguity of the phase. 
As a compromise, fc = 16.8 GHz and the frequency band B = 400 MHz were adopted. The use 
of the radar allowed the values of displacements to be determined, as well as the frequency 
and natural vibrations. It was found that there was a broad application of radars to mea-
sure the displacement of building structures. This solution, assuming the elimination of the 
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synthesized aperture, i.e. the movement of a radar along a rail, has been implemented in 
a commercial IBIS-S system.

The IBIS system (Image by Interferometric Survey) was launched in 2007 by the Italian 
company Ingegneria dei Sistemi – IDS (Bernardini et al., 2007a; Bernardini et al., 2007b). It 
was classified as a short-range device (SRD), which is a radio transmitter that provides one- 
or two-way communication, and which has low potential to cause interference to other radio 
equipment (ERC, 2011).

According to Recommendation 70-03 of the European Radiocommunications Commit-
tee (ERC, 2011), the bandwidth of 200 MHz, located in the range of 17.1–17.3 GHz (in 
the Ku band) and the bandwidth of 100 MHz, located in the range 10.5–10.6 GHz (in the X 
band) were designated for the ground-based synthetic aperture radar (GBSAR). In addition, 
the allowable power of transmitters and interference avoidance techniques were specified. 
In Poland, in accordance with the statements of the Office of Electronic Communications 
(UKE), these frequency ranges are not restricted. Moreover, the content of the regulation 
of the Minister of Transport (Rozporządzenie Ministra Transportu..., 2007), expanded by the 
regulation of the Minister of Infrastructure (Rozporządzenie Ministra Infrastruktury..., 2010), 
allows for the use of these bands without a license as broadband data transmission systems 
and equipment for movement detection and warning.

The ETSI TR 102 522 report (ETSI, 2006) presents two categories of the GBSAR radar use:
– monitoring changes in the surfaces of landslides and volcano slopes, as well as deforma-

tions caused by earthquakes or land subsidence in many places at the same time;
– surveying static displacements of building structures during, for example, load tests, the 

study of displacements and deformations during use, as well as dynamic monitoring, 
such as the detection of resonant frequency, a study of vibration modes.

In the IBIS system, the first category of applications is carried out by the IBIS-L version, 
and the second one by the IBIS-S version. Denotations of the versions are derived from the 
words: “landslides” and “structures”, respectively. The IBIS-L version can also be used to 
monitor the deformations of solid structures, such as water dams (Alba et al., 2008).

In both versions of the system, the radar signal is sent directly to the surface of a structure 
or area in order to detect movement. To observe the ground surface, the system can be used 
in a continuous or periodic monitoring mode, for example, for 1–2 weeks every few months 
(ETSI, 2006). The system should be set up in a way that ensures the visibility of the area, for 
example, before the head of the landslide. To measure the displacements, it is recommended 
to install the system near the structure (e.g. under the bridge) and conduct observations for 
10 min/hour in the dynamic mode, or up to two days in the static mode (ETSI, 2006).

The uses of the IBIS system, presented in the literature, associated with the surveying 
of displacements of building structures include:

– water dam displacement studies (Alba et al., 2008),
– determination of dynamic deformations of bridges (Gentile and Bernardini, 2008; Dei 

et al., 2009; Gentile, 2010),
– the study of the dynamics of wind turbine pylons (Pieraccini et al., 2008),
– the study of vibrations of tall buildings (Pieraccini et al., 2009).

In 2012, the IBIS system manufacturer, the IDS company, introduced new designations 
for the IBIS devices and added some new solutions. Currently, the offer includes:
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– IBIS-FS (formerly: IBIS-S),
– IBIS-FL (formerly: IBIS-L),
– IBIS-FM,
– IBIS-FMT,
– FMP360.

The IBIS-FM system is based on the IBIS-FL system. It is designed for continuous 
surveying of displacements of walls and slopes of open pit mines. It provides an early 
warning capability against the progressive movement of the observed walls, which can lead 
to an accident. It also allows for the graphical representation of the displacements of slow 
moving slopes.

The IBIS-FMT system is a mobile version of the IBIS-FM. Both systems have the same 
features, except that the IBIS-FMT is integrated with a mobile trailer. This feature allows for 
a quick launch of the system when it is necessary to carry out sudden displacement surveying 
of the endangered area, as well as for monitoring the stability of all the open pit walls.

The FMP360 system is an integrated monitoring system based on multiple stationary 
or mobile radar units of the IBIS system. Control and management of the whole system is 
central, from the level of advanced software. The FMP360 monitoring system allows full 
coverage of the open pit mine slopes in real time, providing information about the potential 
areas of instability.

4.2.2. General description of the IBIS system elements
In the GBSAR technique, the survey is carried out by a radar, which moves stepwise 

along a horizontal, straight rail (Pieraccini et al., 2001). The position of the radar is controlled 
by a computer. In this way, the antenna aperture is synthesized along the x axis (Fig. 4.3). The 
transmitting antenna sends microwaves of stepwise modulated frequencies (SFCW modula-
tion). For each i-th frequency and for each k-th position of the radar on the rail, a complex 
signal Eik is subject to surveying and recording (consisting of the in-phase Iik component and 
the quadrature Qik component).

Figure 4.3. GBSAR imaging diagram (Dei et al., 2009)
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For each k-th position of the radar, an inverse DFT (IDFT) for the complex signal Eik 
is calculated. IDFT elements are uniformly distributed in the range domain and are distant 
from each other by the value of range resolution c/(2B) (Fig. 4.3). For each n-th point of the 
surface being imaged, the m-th IDFT element is chosen, for which the range is the closest to 
the distance between the point n and the radar position k. The value of this element is added 
to the value referred to the position k – 1. The set of values of the complex radar image for the 
points n in a given area is obtained at the end of all k iterations. These values form a hologram, 
i.e. contain information about the amplitude and phase (Pieraccini et al., 2001). Geometrically 
projected on the horizontal plane, they create the so-called holographic map.

In order to determine deformation of a structure, it is necessary to use two complex SAR 
images to create an interferogram (Pieraccini et al., 2000; Tarchi et al., 2000). Assuming that 
the electrical properties of the structure are constant, the phase shift Δφn on the interferogram 
is due to the displacement of the n-th pixel. The GBSAR technique allows the displacement 
component to be measured only in the direction radial from the radar, but with a known angle 
αn between the direction of the actual displacement and the direction of the line connecting 
the n-th point of the surface with the center of the rail, it is possible to determine the actual 
displacement dn of the point n:

d
c

fn
n

n=
4π c cos α

ϕΔ (4.6)

Noferini et al. (2005) provide the method of determining the phase shift Δφ from the 
interferogram. If the calculated displacements dn differ from each other by c/(2fccosαn), then 
the determined phase shifts will be the same. Exceeding this value gives an ambiguous survey 
of displacement. This problem can be solved using the method of removing the phase ambi-
guity, presented by Rödelsperger (2011).

 According to Pieraccini et al., (2001), images obtained by GBSAR have limitations re-
sulting from the radar measurement parameters. The range resolution ΔR (Fig. 4.4) depends on 
the frequency bandwidth B. The azimuth resolution ΔA decreases with the distance to the target:

Δ ΔA R= ⋅ θ (4.7)

where:
Δθ – angular resolution.

The angular resolution Δθ is, in turn, dependent on the parameters of the linear scanner, 
used in the GBSAR system, in accordance with the following equations:

L
c
f

≥
2 cΔθ

 (4.8)

Δx
c
f

≤
4 c

 (4.9)

where:
 L – length of the linear scanner rail,
 Δx – single step of the linear scanner.
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Figure 4.4. Range resolution and azimuth resolution of the GBSAR system (Pieraccini et al., 2001)

The area observed by the radar is properly imaged only in the range of Rmax, where there 
is no ambiguity in the distance to the target. When constructing a radar, it is recommended, 
however, to choose the value of the frequency step Δf in such a way that the range Rmax is twice 
larger than the distance to the farthest target which can be detected by the radar.

According to ETSI (2006), the IBIS system consists of four modules:
1.   Radar unit.
 The unit includes a transmitter, receiver and antennas. It is used to generate, emit, receive 

and process appropriately modulated microwaves of a specified frequency. The unit is 
equipped with a power outlet and a USB communication port to connect to the field 
computer. In the upper part there is an element which allows the installation of an optical 
telescope used to accurately aim at the object. On the front side there are two simple 
waveguide connectors. To each of them, by means of four bolts, a microwave antenna 
is installed. The instrument is designed to work in the field – it has an IP65 protection 
class, which means it is dustproof and protected against water jets from all directions.

2.   Power module.
 An independent power supply is provided by two 12-volt batteries with a capacity adapt-

ed to the version of the system (IBIS-L or IBIS-S). The system can also be powered from 
the mains or by solar cells.

3.   Control and recording module.
 To control the operation of the system and record the acquired data, a field portable 

computer is used with the installed software IBIS-L CONTROLLER and IBIS-S 
CONTROLLER. The software allows the measurement parameters to be set and pro-
vides the processed signal to the user.

4.   Linear scanner (version IBIS-L) or tripod (version IBIS-S).
 The linear scanner comprises a stepper motor, and a 2-meter rail, along which the radar 

moves. The tripod is fitted with a movable head allowing the radar beam to be moved in 
any direction.
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Information about displacement of the structure is provided through the use of the interfer-
ometry technique, i.e. by comparing the phase value of the waves reflected from the structure 
and recorded at different times (ECC, 2007). Displacement measurement accuracy is higher 
than 1 mm. High range resolution is achieved by using a wide frequency bandwidth. Physical 
antenna movement along the straight track (in the IBIS-L version) ensures azimuth resolution.

The radar used in the IBIS system emits a coherent signal. Thanks to the SFCW modula-
tion, it sends a wave of stepwise variable frequency. This means that the transmitted signal is 
a sequence of unmodulated fragments of a continuous wave whose total range can be adapted 
to the surveying conditions. Due to the short time of signal transmission, for each frequency, 
noise caused by signal interference is negligible.

The IBIS system transmits vertically polarized waves. The radar coverage varies depend-
ing on the version of the system. In the IBIS-L version it is 0.2–4 km, while in the S version 
– from 10 to 500 meters in the dynamic mode, and 1000 meters in the static mode (ETSI, 
2006; IDS, 2010a). The IBIS system can operate in the Ku band or the X band. The differences 
resulting from the application of different bands are presented in Table 4.1.

Table 4.1
The IBIS system characteristics (ETSI, 2006)

Parameter Ku Band X Band

Center frequency f0 17.200 GHz 10.550 GHz

Frequency bandwidth B * 200 MHz ** 100 MHz

Range resolution ΔR * 0.75 m ** 1.5 m

Angular resolution Δθ (IBIS-L only) * 4.3 mrad 7.1 mrad

Azimuth resolution ΔA (IBIS-L only) * 1.09 m (in 250 m) 1.78 m (in 250 m)

Maximum EIRP power P0 26 dBm = 400 mW 27 dBm = 500 mW

Maximum unambiguous displacement ±λ/4 ±4.36 mm ±7.11 mm

 *  The values are selected according to the needs of the survey; the table contains the maximum possible values.
** In practice, the device operating in the Ku band allows a maximum range resolution of 0.5 m to be achieved, 

however, it requires the use of the bandwidth B = 300 MHz.

According to IDS (2010b), the main advantages of the IBIS system, compared to the 
used monitoring systems (such as GNSS, strain gauges and accelerometers), are:

– remote surveying without required access to the structure – especially important for 
hard-to-reach structures (e.g. dangerous landslides or high towers);

– range resolution (and azimuth resolution – as in IBIS-L), which allows the identification 
of a large number of “virtual displacement sensors” in the area of research;

– high sampling frequency fs = 200 Hz (for the IBIS-S version);
– direct surveying of displacements in real time;
– high accuracy of displacement surveying md ≤ 0.1 mm;
– no requirement of operator presence during operation;
– the ability to work independently of the time of day and weather conditions.



85

The IBIS system allows the surveying of displacements only in the radial direction. Me-
catti et al. (2011) present, however, the results of the work carried out to date on the evaluation 
of the IBIS-S system’s applicability to measure displacements in two dimensions. Setting 
several transmitters at different angles to the direction of a displacement makes it possible to 
determine the actual value and the direction of the displacement (Fig. 4.5).

Figure 4.5. The concept of measuring various components of the displacement vector; TX – transmitter, 
RX – receiver (Mecatti et al., 2011)

4.2.3. Characteristics of a signal used in the IBIS system
Although a conventional radar emits an electromagnetic wave in the form of pulses, a vari-

ety of other modulations are applied. The wave carrying a pulse can have modulated frequency 
or phase which, after its receipt, allows for the compression of the echo in time. Thus, high range 
resolution is achieved without the need to generate short pulses (Skolnik, 2002). In addition, 
continuous waves are applied, which allow the separation of proper echoes from the transmitted 
signal and the signals reflected from stationary interference components. In this case, the addi-
tional application of frequency or phase modulation allows the distance surveying.

The technique to recognize a proper signal received, when between the radar and the 
object there is a change in the distance, is based on the recognition of changes in the frequency 
of the echo signal caused by the Doppler effect. This technique forms the basis for the CW 
radar operation, using a continuous wave.

The inability to measure distances by a simple CW radar is related to the relatively low 
frequency bandwidth of the transmitted wave. Carrying out a distance survey requires a cer-
tain kind of time stamp in the CW radar carrier wave, which allows the transmission time and 
the return time of the echo to be identified. For this purpose, the modulation of amplitude, 
frequency or phase is applied.

Modulation includes two waves: the modulating signal, which represents a message in 
communication systems, and the carrier wave, which is selected according to the application 
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(Carlson et al., 2002). The waveform of the original signal is reflected by a change in time 
of one of the parameters of the carrier wave. 

In telecommunications, several types of modulation are used, such as:
– amplitude modulation (AM) and its variants,
– angle modulation: phase modulation (PM), and frequency modulation (FM),
– pulse modulation.

Each type of modulation has characteristics and properties that determine the range 
of applications. The following are primarily taken into account: the frequency bandwidth 
occupied by the modulated signal spectrum, the structure of the spectrum, resistance to noise 
and interference, as well as modulation distortion resistance.

A widely used technique for widening the CW radar spectrum is frequency modulation 
(Skolnik, 2002). The frequency change is the time stamp. In the FMCW (frequency modulat-
ed continuous wave) radar, the frequency varies in a linear manner, which gives a sawtooth 
signal (Fig. 4.6). If the frequency varies with time in a continuous manner, the frequency 
of the signal echo will be different from the currently transmitted one. The difference Δfi is 
proportional to the echo delay Δti, and thus also to the distance to the target. Measurement 
of the object radial velocity requires the determination of the Doppler frequency fd based on 
the signal recorded in many periods of modulation.

Figure 4.6. Diagram of frequency modulation in the FMCW radar (red color – transmitted signal, green 
color – echo signal)

With a linear frequency modulation, the distance to the target is determined by measuring 
the difference in the frequency of the echo and the currently transmitted signal:
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where:
 Δti – echo delay with respect to the transmitted signal at the time ti,
 Δfi – the difference between the frequency of the echo and the frequency of the trans-

mitted signal,
 df/dt – change in frequency in the time unit.

According to Genderen (2003), an effective way to increase frequency band is to use 
frequency steps by the value of Δf between successive pulses (Fig. 4.7). Stepwise frequency 
change is used in the SFCW (stepped frequency continuous wave) radars. A high step value 
significantly increases the range resolution. This solution has been used in the IBIS radar.

Figure 4.7. Frequency modulation diagram in the SFCW radar

Genderen (2003) expresses the basic parameters of the SFCW radar using the following 
equations:

Rmax = c
f2Δ

 (4.11)

where:
Δf – a single frequency increment between successive pulses,

ΔR
c
B

=
2

 (4.12)

where: 
B – frequency bandwidth.

The SFCW radar synthesizes high frequency bandwidth through the transmission of N 
single tones differing in sequence by the same step Δf (Pieraccini et al., 2004). According to 
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the equations (4.4) and (4.12), high range resolution can be achieved by reducing the pulse 
duration τ or increasing the frequency bandwidth B. The SFCW radar, instead of using short 
pulses, achieves wide frequency bandwidth by increasing the frequency of subsequent pulses 
using discrete steps, as shown in Figure 4.8. Therefore, the SFCW radar has a narrow instan-
taneous frequency band (related to a specific pulse) and reaches a high, effective frequency 
bandwidth:

B N f= −( ) ⋅1 Δ (4.13)

where: 
N – the number of individual pulses in one period of a waveform.

Figure 4.8. SFCW signal waveform in the domain of: a) frequency; b) time (Gentile, 2010)

In the SFCW radar, the source emits a wave with a frequency (tone) fk = f0 + kΔf 
(k = 0, 1, 2, …, N–1) long enough for the reflected echoes to reach the receiver. Thus, the 
duration of a single pulse Ttone depends on the maximum observed range Rmax:

T
R
ctone
max=

2 (4.14)

Gentile and Bernardini (2008) determine the number of pulse (tone) frequencies, which 
make up one waveform as:

N
R

R
= +max

Δ
1 (4.15)

Following the equations (4.14) and (4.15) it is possible to determine the maximum sam-
pling frequency fs dependent of Rmax and ΔR. It is:



89

f
NT

c
NR

c R

R
s

tone max max

= = ≈
1

2 2 2

Δ (4.16)

The effect of operating the radar with SFCW modulation is a range profile (or radar pro-
file) of the objects scattering a radar wave (Gentile, 2010). The signal processing procedure 
is presented in Figure 4.9.

Figure 4.9. Diagram of the echo signal processing in the SFCW radar (Gentile, 2010)

The sampled signal (Fig. 4.9a) is reflected from the objects and reaches the receiver 
in the form of an echo (Fig. 4.9b). Complex echo signals (including in-phase component 
I and quadrature component Q) are received in each sampling period, so that the resulting 
data consist of the vector of N complex samples, representing the frequency response mea-
sured at N discrete frequencies. By determining their IDFT, the response is transformed 
into the time domain (Fig. 4.9c). Each complex sample in this domain represents the echo 
reflected in some range interval of the length c/(2B). In this way, a range profile is created 
(Fig. 4.9d) imaging the intensity of the reflected signal, depending on the distance of the 
structure from the radar.

By using IDFT for equidistant frequencies, the SFCW modulation allows the so-called 
range profile to be obtained (Genderen, 2003). This is a diagram of the intensity of a reflected 
signal in the function of distance from the radar (Fig. 4.10). The observed space is divided 
into ranges of the width ΔR. If, in a single interval of the range resolution (the so-called range 
bin), there is more than one reflective element, they will not be distinguished by the radar 
and will be treated as one.

If the points of the structure do not reflect the wave strongly enough, it is possible to install 
radar reflectors on the structure, allowing increased accuracy of displacement surveying and 
identifying the points whose displacement is being determined. This means, however, elim-
inating one of the advantages of the IBIS system, because it requires access to the structure.
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Figure 4.10. The formation of a range profile (Bernardini et al., 2007a)

4.2.4. Characteristics of antennas used in the IBIS system
Skolnik (2002) defined the antenna as a device which is a transmitter between energy 

propagation in the free space and propagation directed in a transmission line. A transmission 
line is a device which transfers a signal, such as a waveguide. While transmitting, the task 
of an antenna is to focus radiated energy in the form of a beam of a certain shape. While 
receiving, the antenna collects the energy in the echo signal and delivers it to the receiver.

Among the basic parameters of antennas, directive gain and power gain are defined. 
Directive gain (or the directivity function) is defined by the ratio of the density of radiation 
in a given direction to the mean density of radiation:

D
U

U
θ ϕ

θ ϕ
,

,( ) = ( )
m

 (4.17)

where: 
 D(θ, φ) – antenna’s directive gain in a given direction,
 U(θ, φ) – density of radiation in a given direction,
 Um – mean density of radiation.

Radiation density U(θ,φ) is the power emitted in a given direction – defined by spherical 
coordinates (θ, φ), shown in Figure 4.11 – per unit of a solid angle. It is expressed in W/sr 
(watts per steradian).

The mean density of radiation Um is defined as the density of radiation of an isotropic 
antenna sending the same power as a real antenna. An isotropic antenna is a theoretical con-
cept and is a source of energy emitted equally in all directions.

The directivity of an antenna means the maximum value of the directive gain, i.e. the 
ratio of the density of radiation emitted in the direction of maximum radiation to the density 
of the radiation produced by an isotropic antenna, which emits the same power as the real 
antenna. The directive gain value is usually expressed on a logarithmic scale and labeled with 
a dBi unit (due to the reference to an isotropic antenna):
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D D[dBi] = 10 log (4.18)

In addition to the directive gain, the concept of power gain is introduced (also known 
as antenna gain). This value takes into account directional properties of antennas, defined 
by the directivity function, and antenna efficiency in the processing of energy supplied to its 
terminals into the energy sent into space:
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,( ) = ( )4π

s

 (4.19)

where: 
 G(θ, φ) – antenna power gain in a given direction,
 Ps – power supplied to antenna terminals.

Figure 4.11. Determining the direction of radiation using spherical coordinates

In practice, the antenna power gain G is given for the direction of maximum radiation. 
Its value is expressed similarly to direction gain – in dBi:

G G[dBi] = 10 log (4.20)

The difference between directive gain and power gain is due to different power values. 
Power gain takes account of the fact that, in the case of real antennas, not all of the power 
delivered to the terminals is equal to the power radiated by the antenna. The difference 
between them is the effect of thermal losses arising in the components made of non-ideal 
conductors. Antenna efficiency η is a parameter linking radiation power and the power avail-
able at the terminals:

G D= η
 

(4.21)

A more detailed parameter of the antenna, which presents the distribution of the gener-
ated electric field in the space, is the antenna radiation pattern. Field distribution is usually 
expressed in a normalized form, with respect to the maximum level. In practice, electric field 
distribution is used in two, mutually perpendicular planes. They are called azimuth and ele-
vation patterns. They are expressed in a polar coordinate system, showing the radiation zone 
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in the shape of a sphere or a circle, in the center of which an antenna is located, or in the Car-
tesian coordinate system. Most often, antenna patterns are presented on a logarithmic scale.

Figure 4.12 presents the azimuth and elevation patterns of selected antennas of the IBIS 
system in the Cartesian coordinate system. The IBIS-ANT1 and IBIS-ANT4 antennas were 
used in the tests presented in the following sections of this paper.

Figure 4.12. Antenna patterns by IDS (2010b), consistent with the ECC report (2007): a) IBIS-ANT1 
– elevation, b) IBIS-ANT1 – azimuth, c) IBIS-ANT4 – elevation, d) IBIS-ANT4 – azimuth.

In radar systems, aperture antennas are often found. It is such an antenna system that its 
radiation results from a continuous distribution of the electric field in the plane of the outlet 
(the aperture). Through the aperture, an electromagnetic wave passes between the transmission 
line and the free space. Aperture antennas are widely used in the microwave range, and are 
a part of the so-called real aperture radar (RAR). Aperture antennas include horn, parabolic, 
slot and lenticular antennas. The most commonly used are circular and rectangular apertures.

An electromagnetic wave, which runs in a waveguide and meets its open end, is radiated 
into the space. At the end of the waveguide, however, there are strong reflections, and thus 
it is not an optimal transition of an electromagnetic wave from the waveguide into the free 
space. In order to properly shape the distribution of the electric field, a structural transforma-
tion of the end of a waveguide into a form of extending walls is applied. A horn antenna has 
this shape, which ensures the smooth transition of a wave into the free space and a reduction 
of any adverse reflections. This solution is widely used in the microwave range, including 
the IBIS system. The advantages of the horn antenna include large power gain (a dozen dBi), 
small standing wave ratio, low weight and simple design (Szóstka, 2000).
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Among the horn antennas, a commonly used solution are horn antennas of a rectangular 
cross-section. They are fed by a rectangular waveguide with a wider wall parallel to the hori-
zon (Fig. 4.13). In such a waveguide, the E plane is parallel to the vertical wall (shorter), and 
the H plane – parallel to the horizontal wall (wider). There are sectoral and pyramidal horns. 
Energy concentration in sectoral horns occurs in the plane where there is an increase in the 
aperture, and the radiation characteristics in the second plane correspond to the characteristics 
of the open end of the waveguide. Pyramidal horns, which are used in the IBIS system, are 
used to concentrate the energy in both planes in which the dimensions of the waveguide 
are extended. The transition between the antenna and the free space is performed using dielec-
tric plates or covers with properly selected thickness which, at the same time, are a protection 
against weather conditions (Fig. 4.13).

Figure 4.13. Diagram of the waveguide–horn antenna connection in the IBIS radar unit

In the IBIS system, transmission of a wave between the waveguide and the antenna is 
carried out using a waveguide connector (flange). The waveguide and the antenna are ended 
with metal plates with holes corresponding to the cross-section of the waveguide. Plates are 
connected using bolts. The connector should minimize wave reflections at the joint, which 
causes energy losses and may affect the shape of the signal. Appropriate connector parameters 
are ensured by the use of identical waveguide and antenna dimensions, precise collinearity 
of their axes and using cleaned and polished (with an accuracy of a few hundredths of a mil-
limeter) surfaces to ensure electrical contact with near zero resistance. A simple (contact) con-
nection is shown in Figure 4.13. It can introduce attenuation at the level of 0.05 dB. Special 
choke connections ensure attenuation below 0.03 dB (Szóstka, 2006).

The IBIS system requires the use of a pair of horn microwave antennas with a pattern 
suited to the terrain conditions and the type of structure being measured. There are antennas 
designed to operate in both the Ku band and in the X band (Tab. 4.2). –3 dB beamwidth means 
the angular range in which the power gain is greater than 50% of the maximum gain, and 
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–10 dB means the range in which the power gain is greater than 10% of the maximum gain. 
To optimally use the radar beam energy, the device should be located with respect to the struc-
ture, so that its part which is the subject of observation is located in the –3 dB beamwidth. 
For this reason, the distance of the instrument from the structure, as well as its inclination 
should be selected depending on the type of antenna used.

Due to the limited ability of the RAR radars to achieve a narrow beam, radars with the 
so-called synthetic aperture (SAR) were developed. This solution, in addition to the range 
resolution ΔR, ensures azimuth resolution ΔA, which allows the direction to the structure to be 
determined, in addition to the distance to it (Czekała, 1999). Azimuth resolution depends on 
the width of the transmitted beam. The beam is, in turn, dependent on the physical size of the 
antenna in the direction of tracking, and is expressed by the following equation:

ΔΘ
λ

=
da

 (4.22)

where: 
 ΔΘ – the beamwidth sent through an antenna,
 da – the size of an antenna in the direction of tracking.

Table 4.2 
Angular characteristics of microwave antennas of the IBIS system (IDS, 2010b)

Antenna model Band Power gain

Beamwidth

azimuth elevation

–3 dB –10 dB –3 dB –10 dB

IBIS-ANT1-H38V18

Ku

15 dBi 38° 70° 18° 30°

IBIS-ANT2-H29V25 14 dBi 29° 53° 25° 49°

IBIS-ANT3-H17V15 19 dBi 17° 34° 15° 45°

IBIS-ANT4-H11V10 22 dBi 11° 23° 10° 30°

IBIS-ANT5-H12V39 18 dBi 12° 25° 39° 69°

IBIS-ANT6-H51V20 18 dBi 51° 76° 20° 59°

X band antenna X 21 dBi 15° 27° 15° 25°

In the IBIS system, synthetic aperture is used in the IBIS-L version. Its implementation is 
carried out by moving the antenna along a straight line, which is the rail. Coherent pulses are 
sent sequentially in successive positions of the antenna. Transmission direction is perpendic-
ular to the direction of the antenna along the rail (Fig. 4.14a). The recording of the reflected 
signals (their amplitude and phase) in section Ls allows the creation of aperture, synthesized 
analytically using appropriate software.
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The value Ls is designed according to the spread of the observed area. The actual antenna 
with the beamwidth ΔΘr illuminates the area with a spread R·ΔΘr, (Fig. 4.14b), assuming that 
ΔΘr is a small angle. The synthetic antenna beamwidth ΔΘs, according to the dependence 
(4.22), is determined by the value of the spread Ls from the equation:

ΔΘ
λ

s
s

=
2L

 (4.23)

The factor of 2 in the equation (4.23) is due to the need to take into account the double 
distance covered by the signal. Azimuth resolution of the antenna with the synthetic aperture 
is expressed in linear units using the following equation:

Δ ΔA R= ⋅ Θs (4.24)

where: 
 ΔA – synthetic antenna azimuth resolution.

Figure 4.14. Synthetic antenna implementation: a) antenna spread; b) beamwidth (Czekała, 1999)

4.3. Principles for surveying and processing 
the results from the IBIS system

4.3.1. Surveying with IBIS-S CONTROLLER software

Conducting surveys using the IBIS-S system requires the use of a field computer 
with the IBIS-S CONTROLLER software installed. The research presented in this paper 
used the 02.02.000 version of the program. The operation of this program is presented in 
Figure 4.15.

Working with the program can be divided into several stages:
– mode selection and setting survey parameters,
– verification of the range profile,
– defining the geometry of the survey,
– conducting the survey,
– pre-processing of the survey results.
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Figure 4.15. Diagram of IBIS-S CONTROLLER operation

After starting work, it is possible to select the static or dynamic measuring mode. 
In addition, a number of radar units can be configured to function together in a local 
network.

Having selected the right mode, it is necessary to define the following parameters of the 
survey:

– maximum range Rmax in the range of 10 to 8000 m;
– radial resolution ΔR in the range 0.75 to 10 m, although, as stated in Table 4.1, it is pos-

sible to set the value of ΔR = 0.5 m;
– antenna gain out of 6 predefined antennas (Tab. 4.2);
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– sampling frequency fs in the range of 1 to 200 Hz (in the case of the value being too high, 
the program will offer the maximum possible one) – in the dynamic mode, or sampling 
period Ts in the range of 2 to 1800 s – in the static mode *;

– duration of the survey: continuous or limited to a value between 5 and 120 min.

The introduced survey parameters sets can be stored in configuration files.
The parameters Rmax, ΔR and fs, according to the equation (4.16), are mutually limited 

(Fig. 4.16) and it is not possible to implement all of the maximum values at the same time. 
But they do not result strictly from the equation (4.16). Their selection took into consideration 
a longer waiting time for the return of the signals reflected from the elements located farther 
than the fixed value Rmax in order to avoid ambiguity in determining the distance to the target. 
The optimal choice of the parameters requires that the distance to the farthest observed point 
and the expected nature of the movement are taken into account.

Rys. 4.16. Chart of dependence between Rmax, fs and ΔR for the IBIS-S system

Having set the measurement parameters, it is necessary to generate a range profile of the 
scene illuminated by the radar beam. This function is used to optimize the settings of the radar 
unit relative to the observed structure (Fig. 4.17) prior to surveying. With it, it is also possible 
to check if the maximum range Rmax covers the whole observed structure.

Range profile, the idea of which is shown in Figure 4.10, is a graph of the intensity of the 
returning signal as a function of distance from the radar. Its value is determined on the basis 
of the signal-to-noise power ratio (SNR). The IBIS system allows the simultaneous surveying 
of the displacements of all the points shown on the range profile. The number of observed 
points (range bins) is finite and depends on the range resolution ΔR. The number of the point 

* Note: Setting the sampling frequency fs below 1 Hz may result in failure of the IBIS-S CONTROLLER 
software, which is impossible to fi x even after reinstalling the program. This situation can happen inadvertently by 
entering a very large value of Rmax (e.g. 6000 m) and high resolution ΔR (e.g. 0.5 m). The program automatically 
calculates the maximum frequency fs possible to obtain. If it is less than 1 Hz (such a situation will occur for the 
given values), a permanent failure of the controlling program may occur.
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(Rbin) is a sequential number of the interval ΔR, from the radar in the direction of the ob-
served points. This dependence is presented on the horizontal axis of an example range profile 
(Fig. 4.17), where ΔR = 0.5 m.

This profile was recorded for a 300-meter industrial stack, shown in Figure 4.18. A list 
of the observed points is presented in Table 4.3. The observed points were elements of steel 
galleries, which ensured the SNR value in the range of 20 to 40 dB.

Figure 4.17. Range profile for the industrial stack in Figure 4.18

Figure 4.18. Example of the location of a radar relative to a tower structure

Displacement surveying accuracy depends on the SNR value. To ensure the greatest 
accuracy of displacement surveying, a high SNR value for the points which are subject to 
surveying should be assured. This value is read from the range profile.
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Table 4.3
Elements of steel galleries observed on the industrial stack

Point no. Distance from the radar 
to the point [m]

Elevation of the point
[m]

SNR
[dB]

Rbin457 228.0 109.5 25.9

Rbin500 249.5 149.2 39.4

Rbin558 278.5 193.8 35.8

Rbin609 304.0 228.9 37.0

Rbin669 334.0 267.5 27.8

Rbin720 359.5 298.7 22.2

The shape of the range profile is dependent upon the location of the radar in relation to 
the structure, and the inclination angle of the wave beam illuminating the structure. With the 
change of the location and tilt of the radar, the range profile shape changes as well.

 In the next stage of the program’s work, it is possible to set the geometric parameters 
of the radar’s location with respect to the observed structure:

– Structure Length;
– Structure Angle, indicating the angle of inclination of the structure to the horizon (for 

tower structures – usually 90°);
– X and Y IBIS-S Coord., i.e. the coordinates determining the horizontal and vertical dis-

tance between the radar unit and the beginning of the structure;
– Vertical Tilt, i.e. the angle of inclination of the radar unit to the level (this value, however, 

is not used by the software, as it does not affect the obtained results).

The entered values are presented in the form of a simple sketch (Fig. 4.19). The observed 
structure is marked in blue and the radar beam axis, with its angular spread, in red.

Figure 4.19. Data Capture Geometry window
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Introducing parameters of the survey geometry is not necessary. If they are not specified, 
during the survey it will only be possible to work on the radial components of the displace-
ment vector, i.e. along the axis of the radar beam (vector dr in Figure 4.20). Defining the 
geometry additionally allows conversion of the radial displacement values dr into real dis-
placements d (vertical – in the case of bridges, and horizontal – in the case of towers) during 
the survey. This calculation, however, requires the assumption that the displacements occur 
only in those directions (vertical for bridges and horizontal for towers).

Figure 4.20. The relationship between real displacement d and radial displacement dr for a tower 
structure (Pieraccini et al., 2009)

The entered values of the survey geometry can be written in the form of configuration 
files. Moreover, the program allows users to enter the geocentric coordinates and azimuth 
of the radar unit on the WGS-84 ellipsoid, which have been determined, for example, using 
the GNSS technique.

The next stage of the work is to perform observations. The window for managing the 
survey is divided into two parts (Fig. 4.21). The upper part shows the range profile of the ob-
served scene, which can be freely zoomed. Using the cursor (blue vertical line) a point is 
indicated on the profile, with its displacement displayed in real time on the bottom diagram.

An additional function, which occurs only in the static mode, is the possibility to indicate 
a stable reference point on the range profile. This point (the so-called ground control point, 
GCP) is used to eliminate seeming displacements caused by the instability of the atmosphere. 
GCP is marked on the range profile with a vertical yellow line.

Having started the survey, in the bottom diagram, radial displacement of the point se-
lected on the range profile is presented. It should be noted that, in the computer memory, 
displacements of all the points constituting the range profile are stored, while only the selected 
one is drawn on the diagram.
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Figure 4.21. Survey Management window in the static mode

During the survey, without interruption, using the cursor, any change of the observed 
point and the GCP is possible. It is also possible to switch the display of radial displacements 
to real displacements (horizontal for towers, vertical for bridges). For this function to work 
properly, it is essential to first introduce the survey geometry parameters. Furthermore, in the 
static mode, it is possible to use the GCP to eliminate seeming displacements from structure 
point displacement results, displayed during the survey.

The final stage of the work with the program is displaying and pre-processing the obser-
vation files stored in the controlling computer’s memory. However, the processing functions 
will not be described here, as they are available (in the extended range) in the IBIS Data 
Viewer software, which is the right tool for observation data processing, and is described in 
the next section of this work.

4.3.2. Processing data from IBIS-S in IBIS Data Viewer

IBIS Data Viewer software (IBISDV) is used for processing the observation data from 
the IBIS-S (as well as IBIS-L) systems. The observations stored as *.gbd files are loaded into 
the program. In order to process the data collected within this research, the software version 
03.04.014 was used. Program operation is presented in Figure 4.22.
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Figure 4.22. Diagram of the IBIS Data Viewer program for IBIS-S project type

Observation data processing is carried out in several stages:
– project management,
– data processing,
– rangebin selection,
– view and analysis of the results.
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Once launched, the program allows the management of projects: creating, opening, sav-
ing and closing. It also provides the ability to import settings from other projects.

Before importing observation data, it is necessary to create a project. Depending on the 
mode in which the system worked, it is required to choose one of the three types of project: 
IBIS-S Static, IBIS-S Dynamic or IBIS-L. The project, within which the subsequent opera-
tions will be performed, is stored as a *.prj file, and the next step includes assigning the *.gbd 
observation files to it.

After loading the files, basic information appears about the project (name, location, 
type), survey (range resolution, range) and time of surveying (sampling frequency or duration, 
start time, duration of surveying). If the observations were stored in several *.gbd files, they 
can be added to the list of files.

 The next stage of the work includes data processing. Before its execution, it is possible 
to set the following five options.

1. Focusing Settings
The program allows range resolution to be increased by interpolation. The interpolation 

factor can take the values 1, 2, 4 or 8.
2. Range Window

In the IBIS system, frequency bandwidth is finite, which means that samples are taken 
from the signal using a rectangular window. This window is characterized by particularly 
distinct side lobes (Fig. 2.29a). This may pose a problem in the case of observing a strong re-
flective point, as arising side lobes can interfere with the signals from other structures. In order 
to eliminate them, it is possible to use the window functions prior to generating a range profile. 
Optimal windows are Hann window (sometimes called: Hanning) and Kaiser window, reduc-
ing side lobes (Fig. 2.29b, Fig. 2.30), which are available in the IBISDV software (Fig. 4.23a).

3. Geometry Setup
The program allows the location of a radar to be defined with respect to the observed 

structure. If this has been done prior to surveying in the IBIS-S CONTROLLER program, 
the settings are imported from the *.gbd file. They can also be modified. If the geometry has 
not been set before the survey, then it is possible to define it in the IBISDV program. This is 
done the same way as in the IBIS-S CONTROLLER (Section 4.3.1).

4. Time Settings – only in IBIS-S Dynamic project type
The parameters given at this point are taken into account in the later stage of the process-

ing data derived from dynamic movement observations. To obtain a frequency spectrum, the 
IBISDV program uses the method of periodogram. For this purpose, it is necessary to specify 
the length of the time window for averaging, which affects the resolution of the spectrum, and 
the percentage range of overlap between successive averaging windows. Furthermore, it is pos-
sible to change the sampling frequency applied in the survey, for any within the range of 0.01 
to 400 Hz. The parameters defined in the Time Settings window are shown in Figure 4.23b.

5. Antenna Type
At this point it is possible to introduce the tilt of the radar to the level, and the selec-

tion of antenna type used during the surveying. The IBISDV program displays the angular 
characteristic of the selected antenna. If these parameters have been set in the IBIS-S CON-
TROLLER program prior to the survey, they will be imported from the *.gbd file. None of the 
parameters defined in the Antenna Type window affect the results of data processing.
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Figure 4.23. Data processing options in IBISDV: a) Range Window; b) Time Settings

After setting all the parameters (1 to 5), data processing is carried out. The duration 
depends on the amount of measurement data and the computer speed. Processing is executed 
in two steps: focusing and processing. The results of the program operation are stored in files 
with the *.gbf and *.pro extensions.

The next stage after data processing is to analyze the range profile in order to select 
appropriate points located on the observed structure.

Range profile is shown as a graph, and is composed of points of the width equal to the 
range resolution ΔR. These points are called rangebins (or range bins) and are numbered 
sequentially, starting from the position of the radar unit.

On the graph, it is possible to display either Thermal SNR values, or Estimated SNR 
values, by using a logarithmic (in dB) or linear scale. Thermal SNR is the ratio between the 
received signal power from the rangebin and the sensor thermal noise power, and the Esti-
mated SNR – the ratio between the average value and the standard deviation of the signal 
amplitude for the considered rangebin. Radar range profile on the horizontal axis can be ex-
pressed according to: rangebin number, distance of a point from the radar, distance of a point 
from the beginning of the structure. The beginning and the end of the range profile range on 
the horizontal axis can be changed using the sliders, setting the values of Rmin and Rmax.

The profile graph (Fig. 4.24) can be freely zoomed and exported to graphic files. It is 
possible to mark structure points on the graph (manually or automatically), which will be 
analyzed in the following stages (gray vertical lines). If the measurement geometry has been 
properly defined in the processing options, the location of the points on the structure is marked 
schematically (bottom right part of the window). 

The list of the points is displayed in the upper left part of the window, with the infor-
mation about:

– rangebin number,
– the distance of a point from the radar,
– the distance of a point from the beginning of the structure,
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– estimated SNR, 
– thermal SNR, 
– projection factor – ratio d/dr (Fig. 4.20), which allows for the recalculation of the radial 

displacements into real ones (assuming the movement of the point only in vertical or 
horizontal directions).

For the IBIS-S Static project type, there is still another option. In order to eliminate 
seeming displacements caused by the variability of the atmosphere, it is possible to define 
ground control points (GCP). They are marked on the range profile in pink, and placed on the 
list at the bottom left of the window.

Figure 4.24. Rangebin Selection window in IBISDV – IBIS-S Static project type

In the final stage of working with the IBISDV program, access to the processing results 
is gained. Having selected appropriate commands it is possible to set detailed parameters 
of the analysis. The results are usually presented in graphical form and they can be saved 
as image files with defined parameters. Additionally, it is possible to export the presented 
results to external files stored in common formats. The program offers several functions 
described below.

1. View Profile (Thermal SNR or Estimated SNR)
Here, the range profile of the scene illuminated by the radar can be displayed. This is the 

same profile that has been discussed above. In this case it can be saved as an image file and 
numerical data can be exported.
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2. Range Bin Static Analysis – only in the IBIS-S Static project type
It is possible to view static survey results in the form of diagrams for all selected range-

bins. It is also possible to save a file containing all the available information about the range-
bins. In addition, the following diagram options are available (Fig. 4.25):

– Remove clutter – an option to remove a permanent phasor component of the selected 
rangebin, coming from a strongly reflective element, located in the same rangebin and 
causing interference with the observed point.

– Stability threshold – this option allows users to discard observation data with strong and 
rapid changes in the amplitude of the phasor for the selected rangebin, such as those re-
sulting from the emergence of obstacles between the radar unit and the observed points. 
Data is rejected if the amplitude variability exceeds the Threshold [dB] in the Sample 
window time.

– Environmental correction – an option to discard seeming displacements of the points 
resulting from the variability of the atmosphere on the basis of pre-selected GCPs. It is 
possible to select one or more GCPs.

– Graph data – a function that specifies the type of measurement data displayed: Amplitude 
of phasor, Phase of phasor, Displacement.

– Graph type – a function determining the type of generated diagram: Polar (only for the 
amplitude of phasor) or Cartesian (for all graph data).

– Reference time – this function allows the moment to be indicated with respect to which 
the values on the diagram are generated.

– Average window – this option allows the obtained results to be filtered by using a moving 
average of the number of samples, given as Samples. In addition, samples can be selected 
using one of the window functions: Hanning (or Hann), Kaiser 3 (β = 3), Kaiser 6 (β = 6).

– Displacement type – a function that allows conversion of displacement values along the 
line of sight into the following displacements: Orthogonal, Parallel, Vertical, Horizontal 
– depending on the assumed direction of the displacement. To properly carry out these 
calculations, it is necessary to earlier define the geometry of surveying.

Figure 4.25. Rangebin Static Analysis in IBISDV – IBIS-S Static project type
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All the generated graphs can be saved as image files. The values shown in the graph can 
be exported to external files. In addition, the program allows basic statistics to be calculated 
for the displayed data set (minimum value, maximum value, mean value, standard deviation) 
as well as to generate a probability density plot (in the form of a histogram) and the cumulative 
distribution function.

3. Structure Deformation – only in the IBIS-S Static project type
The user can generate a graph presenting the shape of the observed structure at any time 

of the surveying (vertical red line in Figure 4.26) relative to the selected different time (green 
vertical line). The shape of the structure is presented in a simple graph (blue). The options: 
Displacement type, Remove clutter, Environmental correction, are the same as in paragraph 2 
(Range Bin Static Analysis).

Figure 4.26. Structure Deformation in IBISDV – IBIS-S Static project type

4. Range Bin Dynamic Analysis – only in the IBIS-S Dynamic project type
This window is an analogy for the Range Bin Static Analysis window (paragraph 2). How-

ever, it concerns a dynamic survey, thus it is different. The main differences include (Fig. 4.27):
– Time Settings – an option which allows the measurement interval to be limited by spec-

ifying the start time (Tstart) and the end time (Tend).
– Displacement type – a function that enables the recalculation of displacement values 

along the line of sight into projected displacements – in line with the assumed direction 
of displacement. To properly carry out these calculations, it is necessary to earlier define 
the geometry of surveying.
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– Graph data – a function defining the type of displayed observation data: Amplitude 
of phasor, Phase of phasor, Displacement of vibration, Velocity of vibration, Acceleration 
of vibration.

– Frequency – an option to reduce the determined vibration frequency interval from (0, fs/2) 
to the interval defined with the values Flow and Fhigh.

– Domain – this function allows a domain to be selected in which the results are displayed: 
Time or Frequency.

– Periodogram Options – only available in the frequency domain. It allows the specifica-
tion of the parameters used to determine the frequency spectrum using the periodogram 
method: Window (i.e. time interval), Overlap and Window type. These parameters have 
been described previously (Fig. 4.23).

Figure 4.27. Rangebin Dynamic Analysis in IBISDV – IBIS-S Dynamic project type

All the generated graphs can be saved as image files. The values presented in the graph 
can be exported to external files. In addition, the program allows basic statistics to be calcu-
lated for the displayed data set (minimum value, maximum value, mean value, and standard 
deviation) and to generate a probability density plot (in the form of a histogram) and the 
cumulative distribution function.

5. FDD Analysis and Modal Analysis – only in the IBIS-S Dynamic project type
The FDD Analysis function allows the frequency domain decomposition method to be 

used in order to achieve a modal form of the observed structure’s vibration for the selected 
frequency value.

On the other hand, using the Modal Analysis function, the user can create an animation 
presenting deformation of the selected rangebins of the observed structure within a specified 
period of time and a specified range of frequencies.
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The creator of the software (IDS company) states that the FDD Analysis and Modal Analy-
sis functions are only used for the initial analysis of the results, therefore they are not described in 
detail. Full analysis should be carried out using other software, on the basis of the exported data.

4.3.3. Operation of the IBIS-L system 
Because of the similar operation of the IBIS-L and IBIS-S systems, only significant differ-

ences between them are presented below. As in the case of IBIS-S, to perform the measurement 
with IBIS-L, the IBIS-L CONTROLLER software is necessary (in the presented work: version 
02.00.02), and to process data the IBIS Data Viewer program is needed (version 03.04.014).

Work with the IBIS-L CONTROLLER may be divided into two stages: setting the survey 
parameters and performing the survey.

The following parameters can be set (Fig. 4.28):
– maximum range Rmax from the interval 10–8000 m;
– range resolution ΔR from the interval 0.75–20 m, although it is possible to set the value 

of ΔR = 0.5 m (Tab. 4.1);
– antenna type out of six predefined antennas (Tab. 4.2);
– angle resolution Δθ, equal up to 4.36 mrad or 7.11 mrad, depending on the used frequen-

cy band (Tab. 4.1); the value of Δθ can be modified by setting the scan length L, used to 
survey (maximum 2 m); from equation (4.8) it equals:

L2
  (4.25)

– acquisition number, limited to any number of measurements, or unlimited, requiring 
manual measurement stop; 

– inter acquisition delay greater than 0.1 min.

Within the software it is also possible to manually control the position of the line scanner.
The range profile verification is not performed in the IBIS-L CONTROLLER software. 

Instead, to read the intensity of the reflected signal from the observed structure, the power 
map is used. A diagram of its formation is shown in Figure 4.3.

In the IBIS-L system, two-dimensional pixels are the analogy of the one-dimensional 
rangebins of the IBIS-S system. They are the elements of space observed by the radar. Their 
dimensions are described by ΔR and ΔA (Fig. 4.4). The value of ΔR is constant throughout 
the observation space, and the value of ΔA (azimuth resolution) decreases with the distance 
from the radar. Figure 4.29 shows the effect of the range R on ΔA values.

For example, for the radar operating in the Ku band (Δθ = 4.36 mrad) the value of ΔA, 
i.e. the transverse dimension of the field pixel is:

– 0.43 m at a distance of 100 m,
– 2.15 m at a distance of 500 m,
– 17.20 m at a distance of 4000 m.

This means that, when observing a structure from a far distance, a significant decrease 
in resolution of the observed scene should be expected. Sample power maps which show this 
dependence will be presented later in the work (Fig. 5.16). SNR values, indicating the inten-
sity of the return signal, are expressed by means of a color scale.
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Figure 4.28. Operation parameter settings of the IBIS-L system

Figure 4.29. Relation between azimuth resolution and range in the IBIS-L system for different values 
of angle resolution (assuming the use of a full-length rail L = 2 m)

Both range profile in IBIS-S and the power map in IBIS-L depend on the setting of the 
radar unit with respect to the observed object. An important difference, however, is the fact 
that in IBIS-S radar position change is not a problem because of the ease of tripod setting, 
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and the IBIS-L system requires the placement of a specially prepared foundation. This means 
that the choice of the observation position needs to be thought out in terms of the correct 
direction of observation. It should also be remembered that IBIS-L, as well as IBIS-S is used 
to observe the movements only in the radial direction, i.e. along the lines connecting the radar 
with the observed points.

Measurement of structure displacement using the IBIS-L CONTROLLER software is 
carried out remotely and does not require user intervention. With a single acquisition, i.e. 
a passage of the radar along the rail, one *.gbd file is stored. The duration of the acquisition 
is dependent on the maximum range and azimuth resolution and ranges from a few to several 
minutes. During system operation, a preview of the power map (SNR values   for each pixel) 
and displacement map (displacement values for each pixel – displayed after at least two ac-
quisitions), represented by a color scale, are accessible.

The IBIS-L system can be powered from the mains, a generator or by solar power. In 
addition, the IBIS-L CONTROLLER software allows integration with external devices, such 
as a weather station and video camera. 

The result of measurements performed in the IBIS-L system are observation files. Their 
processing is performed, as in IBIS-S, using the IBIS Data Viewer (IBISDV) and can also be 
divided into several stages:

– project management,
– data processing,
– rangebin selection,
– viewing and result analysis.

Management of the IBIS-L project types takes place in an analogous manner to the 
IBIS-S project type. The project is saved as a *.prj file, and the *.gbd observation files are 
assigned to it. Basic information on measurement are imported from a *.gbd file. 

At the stage of data processing, there are five options, as described below.

1. Focusing Settings
This option is analogous to the IBIS-S project type, with the difference that, in addition 

to increasing the range resolution by interpolation, it is possible to increase the azimuth 
(cross-range) resolution. It is also possible to set the average power level coming from the ob-
servation area in order to improve the visibility of the reflective elements in the background. 
In addition, the program provides information on the longitudinal and transverse span of the 
observation area and the number of visible pixels and their size (Fig. 4.30a).

2. Range Window
This option is analogous to the IBIS-S project type. It allows the use of window functions 

for range resolution.

3. Cross-range Window
This option is analogous to the above, except that it allows the use of window functions 

for azimuth resolution.

4. Selection Threshold
For the observed pixels, the IBISDV program enables the threshold values to be set: 

thermal SNR, estimated SNR, temporal coherence, and phase stability (Fig. 4.30b). Expla-
nations of these quantities are provided by Noferini et al. (2005). Pixels with lower values 
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are not taken into account in the further processing of observation files. This allows the later 
work using pixels of a good quality.

5. View Area
This option allows the analyzed area to be narrowed down by cutting the viewing angle 

of the left and/or right side, and change the minimum and/or maximum range of the study.

After setting all the parameters (1 to 5), the processing is carried out. The results of the 
program work are stored in files with the *.gbf, *.dat and *.map extensions.

Figure 4.30. Data processing options in IBISDV software: a) focusing settings; b) selection thresholds

The next stage is to identify the relevant points, essential for the displacement measure-
ment, in the two-dimensional power maps: ground control points – GCPs (GCP selection) 
and the pixels representing the object of interest (pixel selection). This stage of work is anal-
ogous to the choice of rangebins on a one-dimensional range profile in the IBIS-S project 
types. Thermal SNR values for each pixel are marked with a color scale – the highest in red 
(Fig. 4.31). It is also possible to filter the power map using threshold values   (estimated SNR, 
coherence, phase stability), as in the processing options (Fig. 4.30b). Parameters of selected 
pixels can be saved to external files.

Similarly to the IBIS-S project types, in the final stage of working with IBISDV the 
results of processing are accessible, which are usually presented in graphical form and can 
be saved as image files or data stored in external files. In IBIS-L type projects, the following 
functions are offered:

1. Environmental Correction Data
This function allows users to display the seeming displacements of ground control points, 

resulting from the influence of external factors (such as atmospheric ones). These values are 
displayed as absolute values rdgcp [mm], relative ones αgcp (taking into account the GCP–radar 
distance) and spread: max(αgcp) – min(αgcp) (Fig. 4.32).
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Figure 4.31. IBIS-L pixel selection in the IBISDV program

Figure 4.32. Environmental correction data in the IBISDV program: a) absolute values rdgcp; b) relative 
values αgcp; c) spread: max(αgcp) – min(αgcp)

a)

b)

c)



114

2. View Map
This function allows a two-dimensional graph (map) to be displayed, which presents the 

selected parameter values: power, thermal SNR, estimated SNR, spatial coherence and phase 
stability, all using the color scale. They can be generated as the average of all acquisitions 
(i.e. all *.gbd files), while for a single acquisition only the power and thermal SNR map can 
be displayed.

3. View Quality Parameters Map
In this stage, it is possible to generate the same graphs as described above (View Map 

function), but for a limited number of observation files and in a limited area (Fig. 4.33). It is 
also possible to store data in external files.

Figure 4.33. IBIS-L quality map for the limited set of observations in the IBISDV software

4. Map Analysis
This function enables the creation of two-dimensional displacement graphs of observed 

points based on the selected observation data (Fig. 4.34). Displacement values of each pixel 
are expressed using the color scale and can be saved in external files. In addition, the follow-
ing graph options are available (Fig. 4.34):

– Movie Options – setting parameters of *.avi files, containing animation of observed 
displacements.

– Map Fitting Options – settings which allow the trends of the observed structure’s behav-
ior to be examined, especially on the basis of long-term observations.

– Graph Options – options which make it possible to filter the graph by using a moving 
average.

– Image Selection – a function which allows the removal of acquisitions (observation 
files), in which the linear model of atmospheric correction is not preserved. This is 
done with a Selection Threshold value, which corresponds to the values in Figure 4.32c. 
In addition, the Selection Window option allows the elimination of a certain number 
of neighboring acquisition. 
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– Image Filtering Threshold – options which allow the displacement map to be filtered 
using the threshold values (estimated SNR, coherence, phase stability), like in the pro-
cessing data options (Fig. 4.30b).

– Correction type – an analogous function to the IBIS-S static project types.
– Remove Unwrap Error – a function which allows the elimination of the phase cycle slips 

resulting from observing displacements exceeding the ±λ/4 value.
– Display Options – a set of values limiting the display area and color scale range. 
– Time Bar – a function available after selecting the number of observation files greater 

than two, which allows the change of time interval, for which the graph is displayed.

Figure 4.34. IBIS-L map analysis in the IBISDV program

5. Pixel Analysis
This function, similarly to the previous one, allows graphs of displacements to be creat-

ed, but only for the points identified during the Pixel Selection stage (Fig. 4.31). The values 
presented in the graph, in addition to displacements, can be: raw phase, interferogram phase 
or amplitude.
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5. Influence of physical factors 
on the surveying accuracy 
of displacements

Przemysław Kuras, Tomasz Owerko, Rafał Kocierz, Łukasz Ortyl, 
Jan Gocał, Adam Bałut, Paweł Ćwiąkała, Edyta Puniach, Olga Sukta

5.1. Physical factors determining the performance 
of the IBIS system

Any telecommunications system, including the IBIS system, is composed of: a trans-
mitter, receiver and transmission medium. The undesirable effects which occur during the 
transmission of a telecommunications signal include the following (Carlson et al., 2002):

– factors that cause alteration of the signal shape, such as: distortion, interference and noise;
– attenuation causing weakening of the signal reaching the receiver.

Distortion is an alteration of the signal during propagation caused by the response of the 
system to the signal. In contrast to the interference and noise, distortion disappears with the 
cessation of the system operation.

Interference is a disturbance resulting from external, alien signals from other transmit-
ters, power lines, machines, etc. It mostly occurs in radio systems, in which antennas usually 
receive several signals at the same time.

Noise refers to random and unpredictable electrical signals generated during natural 
processes, both inside and outside the system.

When considering the impact of noise on radar systems, the concept of a minimum de-
tectable signal Smin is introduced (Skolnik, 2002). Its value is determined on the basis of the 
minimum value of the signal-to-noise power ratio (SNR), which allows an object to be de-
tected. The accuracy of any radar measurements, as well as reliable detection of objects, 
depends on the ratio E/N0, where E stands for the total energy of the received signal which is 
processed by the radar, and N0 is the power of the noise per frequency bandwidth unit of the 
receiver (Skolnik, 2008).

The value of the minimum detectable signal Smin is one of the parameters affecting the 
range of the radar. The basic form of the radar range equation is given by Skolnik (2002):
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where: 
 Pt – power transmitted,
 σ – radar cross-section,
 Ae – antenna effective area.
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All the parameters appearing in the equation (5.1), with the exception of the radar 
cross-section σ, are selected during the radar design stage. The presented equation takes into 
account the real parameters of the radar, resulting from the use of the equipment in field con-
ditions, rather than in the laboratory. Some parameters are statistical or unpredictable, such as 
the minimum detectable signal Smin or weather conditions along the direction of propagation, 
not regarded in this equation.

Radar operation is based on the phenomenon of radio waves reflected from detected 
objects. The echoes from the objects located in the detection space form a background, where 
there are relatively few objects which are the subject of the survey. The main feature of the 
radar echo is the strength of the signal reaching the radar receiver. Different objects produce 
different signal strength. The ability of an object to reflect waves is expressed by the so-called 
radar cross-section (RCS). Knott et al. (2004) define it as the maximum cross-sectional area 
of a metal sphere, which scatters a beam in the same way as the given object with power 
scattered in specific directions.

Knott et al. (2004) define factors affecting the value of RCS. 
These include:

– electrical properties of the material which the structure is made of;
– size of the structure, or rather its surface as seen from the direction which the wave comes 

from;
– radar wavelength, or in fact the ratio of the size of the structure to the wavelength;
– beam angle – the angle at which the radar beam reaches a specific part of the structure – 

which depends on structure shape and orientation with respect to the radiation source.

From the above explanation, it appears that a metal structure with a small physical size 
may have a larger RCS than a structure with a larger size, but with a weaker ability to reflect 
waves. A metal plane perpendicular to the direction of the incident beam has a large RCS. 
Deviation from the perpendicular direction, however, results in the reduction of RCS, until 
its disappearance for a deviation of approximately 3°.

In order to increase RCS, regardless of the observation direction, while maintaining the 
small size of the structure, radar reflectors (reflective cones, corner reflectors) are built, con-
sisting of two or three mutually perpendicular metal plates (Fig. 5.1). Thanks to such a con-
struction, having been reflected, the wave returns in the direction from which it was emitted. 
Descriptions of the size of RCS for different types of surfaces are presented in Table 5.1.

Figure 5.1. Waveform in radar reflector
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Table 5.1
Radar cross-section for different types of surfaces (U.S. Navy, 1999)

Refl ecting surface Sketch
Frequency 

dependence 
of RCS

Radar 
cross-section

Sphere, spheroid f 0 σ = πa a1 2 (5.2)

Cylinder f 1 σ
λ

=
2 0

2πa l (5.3)

Flat plate f 2 σ
λ

=
4 2

2

πA (5.4)

Radar refl ector (refl ec-
tive cone)

– dihedral f 2 σ
λ

=
8 4

2

πl (5.5)

– trihedral (triangular) f 2 σ
λ

=
4

3

4

2

πl (5.6)

– trihedral (rectangular) f 2 σ
λ

=
1 4

2

2πl
(5.7)

– trihedral (oval) f 2 σ
λ

=
15 6

3

4

2

. πl (5.8)

where: 
 A – plate area,
 ai – radii of curvature, 
 l – height of the cylinder or the length of the inner edge of the reflector.

Radar wave propagation in the free space is subject to interference resulting from: scat-
tering of electromagnetic waves by the earth’s surface, refraction caused by non-uniform 
atmosphere and attenuation of a signal by the gases forming the atmosphere. In addition to 
the reflections from the surface of the earth, energy transmitted by the radar is also subject 
to dispersal by rain, snow, air pollution, dust, fog, birds and other disturbing objects.
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Attenuation of electromagnetic waves in the atmosphere results from: attenuation of the 
free space and current properties of the atmosphere.

Attenuation of the free space value, (so-called free-space path loss, FSPL) depends on 
the distance to the target (R) and the radar wave frequency (f), according to the following 
equation:

FSPL R f[dB] [km] [MHz]= + +32 44 20 20, log log (5.9)

For frequencies below 10 GHz, attenuation of electromagnetic waves by the gases form-
ing the air is very low. For frequencies above 20 GHz, attenuation in the atmosphere can 
significantly impede the operation of ground-based microwave systems. For the IBIS radar 
operational frequency (17.2 GHz), attenuation caused by atmospheric phenomena is relatively 
small, compared to the higher microwave frequencies. 

According to Schwering and Oliner (1993), it is:
– 0.06–0.07 dB/km – caused by water vapor and oxygen,
– 0.05, 0.2 or 1.1 dB/km – caused by rain of the intensity of 1, 4 and 16 mm/h, respectively,
– 0.03 dB/km – caused by fog of the density of 0.1 g/m³ (limiting visibility to 100 m).

The most significant influence on the damping of electromagnetic waves, however, 
is from the signal multipath effect (Scott, 1993). A proper path for the microwave signal 
from the transmitter to reach the receiver is called a direct path. Along the direct path, the 
microwaves propagate approximately along straight lines. However, the signal can reach 
the receiver in other ways as well – as a result of reflection from the surface of the earth, 
from other elements located in the neighborhood of a given structure, or due to the deflection 
in the atmosphere (Fig. 5.2).

Figure 5.2. The impact of the multipath effect on microwave propagation (Scott, 1993)

The multipath effect can be prevented by providing appropriately more power to the 
transmitter (20 to 30 dB more), or by using a microwave antenna with a higher power gain.

In the ETSI report (2006), in the analysis of structural displacement surveying accura-
cy, with the use of ground-based radar interferometry, worse accuracy of about 0.6 mm was 
assumed as a result of the signal multipath effect and the noise coming from the reflections 
from disturbing elements.

With regard to the IBIS system, studies on the factors influencing the accuracy of deter-
mining displacements of the observed structures were carried out. Luzi et al. (2004) present 
the influence of two main factors: instrumental errors and atmospheric delay. One of the main 
parameters characterizing complex images is the correlation coefficient, otherwise known 
as coherence. 
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Based on two complex images, it is possible to determine it in accordance with the 
equation (Just and Bamler, 1994):

γ =
+

SNR
SNR 1 (5.10)

The influence of coherence γ between the images on the signal-to-noise ratio as well as 
phase measurement error and displacement error are summarized in Table 5.2 on the basis 
of the equation (Just and Bamler, 1994):

mϕ
γ

γ
=

−1

2

2

2
 (5.11)

Table 5.2
The dependence between coherence, SNR as well as phase measurement error and displacement error 

(Rödelsperger, 2011)

Coherence
|γ|

SNR
[dB]

Phase measurement 
error mφ

[°]

Displacement 
measurement error md

[mm]

according to (5.10) according to (5.11) (for λ = 17.44 mm)

0.5 0.0 70.2 3.39

0.8 6.0 30.4 1.47

0.9 9.5 19.6 0.95

0.95 12.8 13.3 0.64

0.99 20.0 5.8 0.28

0.999 30.0 1.8 0.09

0.9999 40.0 0.6 0.03

In the studies presented by Luzi et al. (2004), only a few pixels were considered, for which 
|γ| > 0.7. Most of the observed area was covered with vegetation, which caused a significant 
loss of correlation between the images due to its dielectric and geometrical properties. For the 
measurement of phase difference, the values |γ| in the range of 0.6 to 1.0 are acceptable.

The following may also have an effect upon the measurement of the phase difference 
Δφ: systematic error and instability of the main oscillator frequency with time. These effects 
should be considered in different time intervals: short-term (necessary to obtain a coherent 
image) and long-term (between obtaining two images). According to Luzi et al. (2004) and 
ETSI (2006), short-term effects produce phase measurement error causing displacement error 
of the order of 0.7 mm. However, long-term errors, resulting from the effect of frequency in-
stability, depend on the distance to the observed target. For short distances they are negligible, 
while for the maximum range the displacement measurement error was estimated at the level 
of 1 mm, based on the results of experimental studies.
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According to Luzi et al. (2004), the effect of instrumental errors on the displacement 
surveying accuracy using radar interferometry does not exceed 1.0 mm. The presence of larg-
er artifacts occurring during displacement surveys should be attributed to the impact of the 
atmospheric conditions.

This constituted the grounds for Luzi et al. (2004) to analyze the impact of changing 
weather conditions on the displacements of stable, independently controlled structures. The 
elements strongly scattering the radar beam were: a stone at a distance of 65 meters, and 
a rock at a distance of 350 meters from the radar. For both of them, variation of ±15 mm in 
their position was observed. The effect of the recorded weather conditions on the determined 
values of seeming displacements was calculated as well, showing a clear correlation. During 
the surveys, humidity and temperature were recorded at the radar installation site and at the 
observed point, nevertheless, the uncertainty arising from the inhomogeneity of the atmo-
sphere caused errors at the level of a few millimeters. The ETSI report (2006) stated that the 
correction methods of weather condition variability provided an accuracy of up to 2 mm.

Neglecting the impact of atmospheric disturbance and the multipath signal effect, the 
radial displacement surveying accuracy is 0.1 mm in normal conditions (Pieraccini, 2004; 
ETSI, 2006). In some sources (IDS, 2010b), the manufacturer, however, claims that displace-
ment surveying accuracy in the static mode using the system in the IBIS-S version is at the 
level of 0.01 mm. On the IDS website [I5], the following information can be read: “IBIS-FS 
measures displacements of as little as 0.01 mm at 1 km range. No standard instrument can 
achieve such accuracy.”

5.2. Influence of the atmosphere

In the free space, electromagnetic waves propagate along straight lines, but in the atmo-
sphere they are subject to deflection (refraction). This takes effect in distance measurement 
errors (or changes in the distance – in the case of the IBIS radar), resulting from the curvature 
of the line of propagation. Refraction is due to, different than in a vacuum, velocity of a wave 
in the atmosphere of certain physical parameters.

The impact of weather conditions cannot be ignored when conducting surveys in a static 
mode during a long time interval, especially with long distances to the test structures, for ex-
ample, in the case of monitoring landslides or dams. The variability of weather conditions can 
cause the detection of seeming displacements by the radar, between one image and another. It 
is possible to eliminate this effect by comparing the displacement of the whole observed scene 
to seeming displacements of a few fixed points being observed. Properly applied elimination 
may allow seeming displacement accuracy, improved by atmospheric changes, of a few tenths 
of a millimeter to be achieved (IDS, 2010a).

As noted above, the IBIS interferometric radar operates in the microwave band. Propa-
gation of electromagnetic waves of this length is dependent upon changes in the atmosphere. 
While surveying, the current state of the atmosphere is recorded by measuring the air pressure, 
humidity and temperature. In contrast to the electro-optical distance meters (EDMs), where 
the atmospheric reduction is most influenced by potentially occurring changes in temperature 
(EDMs usually operate in the near infra-red band or visible laser light), for the atmospheric re-
duction (determining the impact of the atmosphere on the distance measurement value) in the 
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microwave band, the key information is humidity variation. According to Luzi et al. (2004), 
the impact of the atmosphere on the recorded phase reading can be expressed by the formula:

ϕ
λ λ

= + −( )4 4
1

0 0

π π
r n ratm (5.12)

where: 

 λ0
0

=
c
f

 – nominal wavelength,

 f0 – nominal frequency,
 r – measurement vector,
 natm – index of refraction in the atmosphere.

In the case of changes in atmospheric parameters (pressure, humidity or temperature), 
obtaining correct results requires the conversion of the atmospheric refractive index. This is 
due to the fact that, during the surveying in the changed atmospheric conditions, the value 
of the returning signal phase will change, even if the structure being surveyed has remained 
completely stable:

Δϕ
λ

εatm atm= ⋅ ⋅
4

0

π
r (5.13)

where: 
 r r r1 2= =  – measurement vector with the assumption of structure stability;

 εatm atm atm= −n n2 1  – difference in refractive indices in the atmosphere during primary 
  and secondary surveying.

In addition, it should be noted that during the rain, which is particularly unfavorable for 
accurate distance measurements, there is an adverse phenomenon of signal decorrelation.

According to Zebker et al. (1997), a change in the value of the recorded measurement 
wave phase caused by weather conditions is expressed by the following relation:
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where: 
 R – total length of the path in the atmosphere,
 P – atmospheric pressure [mbar],
 T – temperature [K],
 e – water vapor pressure [mbar].

Constants in this equation (and similar ones) are correct to the nearest 0.5% for frequen-
cies up to 30 GHz during normal changes in the atmosphere (Smith, 1953).

Usually, at the test station, it is easier to record the value of relative, rather than absolute, 
humidity. The relationship between relative humidity h and water vapor pressure e in the 
atmosphere is expressed by the following equation (Kraus, 2004):
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In order to examine the differences that occur while carrying out atmospheric reduction 
based on meteorological data recorded at the position of the radar, in comparison to the ac-
tual impact of the atmosphere variability, a research experiment was conducted. It should be 
noted that the adopted atmospheric model assumed a homogeneous atmosphere in the line 
of radar–reflector, which was not necessarily true. The calculations were conducted for the 
wavelength of 17.4 mm. The actual influence of the atmosphere can be calculated based on 
the assumption of a fixed position of the observed structure.

Figure 5.3 presents a view from the position of the radar on radar reflectors that were 
placed on the opposite slope. During the surveys, the weather was stable; the survey was 
carried out in spring. Meteorological data were recorded at the test station every 45 minutes. 
Table 5.3 shows how the weather conditions changed (it is also the basis for conducting sub-
sequent atmospheric reduction).

Figure 5.3. Radar aimed at stable points during a survey while recording the state of the atmosphere

Table 5.3 
Recorded states of the atmosphere at the radar stand

Time
[hh:mm]

Temperature
[°C]

Atmospheric 
pressure

[hPa]

Relative 
humidity

[%]

20:30 9.5 988.3 49

21:15 8.6 988.8 48
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Time
[hh:mm]

Temperature
[°C]

Atmospheric 
pressure

[hPa]

Relative 
humidity

[%]

22:02 7.7 989.0 50

22:47 6.5 989.0 53

23:00 6.4 989.0 53

23:45 6.1 988.9 52

00:35 5.1 988.8 54

01:15 5.2 988.6 56

02:00 5.0 988.3 56

02:45 4.4 988.0 57

03:35 3.7 987.8 58

04:20 3.5 987.2 58

05:05 3.5 987.1 59

05:40 3.5 986.7 60

06:10 3.7 986.4 60

06:40 3.8 986.2 61

07:18 4.6 986.1 61

07:45 6.5 986.0 61

08:13 9.2 985.8 58

08:45 12.0 985.6 55

09:15 14.2 985.4 52

09:47 15.2 985.6 50

10:15 17.4 985.6 49

10:47 21.0 985.7 45

11:18 25.1 985.5 38

11:46 23.8 985.2 40

12:16 24.2 985.4 39

12:46 24.4 985.3 39

13:17 25.9 985.7 38

13:46 25.2 985.4 37

14:18 23.0 985.4 39

14:48 22.1 985.4 40

15:17 22.0 985.1 40

15:46 22.4 985.3 40

Table 5.3 cont.
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Figure 5.4 presents the seeming displacements of the two radar reflectors located in the 
surveying scene. It is worth noting that the seeming displacement is almost identical for both 
targets, indicating their mutual stability.

Figure 5.4. Seeming displacements of the fixed targets induced by atmospheric variability

In Figure 5.5, the blue graph shows how the value of the theoretical atmospheric 
correction for the recorded meteorological data changed. The calculations assume that the 
target is located 106.5 meters from the radar position (the distance was verified with a total 
station). In comparison, the changes recorded with the radar are marked in red, showing 
how the distance to the same target changed, taking into account that the atmosphere and 
measurement noise are responsible for the phase change. Assuming the invariability of 
the target, the whole wave phase change was due to changes in the atmosphere, not to the 
movement of the target.

Because there was no disturbance during the experiment (there is no vegetation, the area 
is isolated), it is easy to compare the result based on the theoretical model with the result based 
on the assumption of target stability, which is marked in green on the graph.

Based on the surveys and calculations, the following conclusions can be drawn:
– Temperature during the experiment ranged from 3.5 to 25.9 °C, relative humidity ranged 

from 38 to 61%, the pressure was 985.1–989.0 hPa. Despite the small variation of the 
conditions – the weather was rather stable, the atmospheric correction was revealed in 
over-two-millimeter values.

– The applied linear theoretical model results in phase change of up to 2.4 mm.
– The actually existing phase change caused by weather conditions, assuming the stability 

of the reference point, has a value in the range of –2.3 to 0.5 mm.
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– The maximum difference between the theoretical correction and the correction based on the 
assumption of the target stability exceeds 2 mm, similarly to that in the ETSI (2006) report 
(see Section 5.1). This reveals how far the linear atmospheric model was from reality, and 
proves that the assumption of homogeneity of the atmosphere does not have to be true.

Figure 5.5. Atmospheric correction coefficient of the theoretical model (blue), based on the assumption 
concerning the stability of the points of surveying scene (red) and their difference (green)

5.3. Testing of radar range

5.3.1. Test in the free space
The studies on the IBIS radar range were conducted for the IBIS-S version in a flat 

open area with no obstacles, in the space observed by the radar. As a reflective element, an 
aluminum trihedral radar reflector with an edge length of 20 cm was used. The test was per-
formed in two stages, with different conditions. The first test was carried out in October, and 
the second one – in January. In both tests, narrow-angle IBIS-ANT4 antennas (Tab. 4.2) were 
used, and the maximum range resolution was set as ΔR = 0.5 m.

Figure 5.6 presents range profiles recorded in the first test (in October). Arrows indicate 
reflections from the reflector. In the second test (in January) similar images were yielded. 
The SNR values of the reflections from the reflectors are summarized collectively for both 
tests in Table 5.4.

Based on Figure 5.6, it can be concluded that for the nearest radar stations (Fig. 5.6a-c) 
reflection from the reflector takes the maximum value over the whole range profile. From the 
stations located farther away from the reflector (Fig. 5.6d), the echo signal is clear, but the re-
flections from the ground dominate (in the range of 0 to 50 m). On the profiles recorded from 
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the most distant positions (Fig. 5.6e-f), identifying the reflection coming from the reflector in 
the background, observed by the radar, was made possible by surveying measurement of the 
distance between the radar and the reflector. For the distances exceeding 400 m, using a radar 
reflector does not allow its distinction on the range profile. In the presented test, this problem 
may be due to the course of the radar beam at a height of about 1.5 m above the ground and 
the emerging signal multipath effect.

Figure 5.6. Range profiles recorded in October by the radar at a distance of: a) 30 m; b) 60 m; 
c) 100 m; d) 200 m; e) 400 m; f) 600 m from the reflector (horizontal axis – distance in meters, vertical 

axis – SNR in decibels)

Table 5.4 
SNR values recorded for radar reflectors in range testing

Radar–refl ector distance
[m]

SNR for the refl ector

October
[dB]

January
[dB]

30 77.4 73.8

60 67.5 71.5

100 69.5 51.8

200 47.2 58.2

300 – 32.5

400 40.9 –

600 39.7 –
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Based on the above-described test, it was found that the radar beam running just above 
the ground surface is dispersed so strongly that, at a distance exceeding 400 m, the radar 
reflector cannot be identified on the range profile. In order to reduce distortions resulting 
from the multipath signal effect, the survey was repeated on a straight section of a river levee 
(Fig. 5.7a). This location made it possible to reduce the impact of signal reflections from the 
ground. In the experiment, range profiles of the scene were recorded, where there were two 
radar reflectors, located at a distance of 10 m from each other (Fig. 5.7b). In addition, tripods, 
on which the radar reflectors were placed, were covered with attenuating material, as in the 
experiment by Mecatti et al. (2011).

Figure 5.7. Arrangement of instruments during radar interferometer accuracy tests:
a) the IBIS-S radar set on the levee; b) radar reflectors seen from the position of the radar

Figure 5.8. Range profiles recorded by the radar at a distance of: a) 30 m; b) 60 m; c) 100 m; d) 200 m;
 e) 400 m from the reflectors (horizontal axis – distance in meters, vertical axis – SNR in decibels)
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Figure 5.8 presents range profiles recorded during field tests. Arrows indicate reflections 
from the reflectors. The radar worked with the maximum range resolution ΔR = 0.5 m.

In comparison with the range profiles obtained during the test carried out in the flat area, 
the test on the levee gave much clearer reflection in the background observed by the radar. 
The use of the material attenuating the reflections which did not come from the reflectors 
was significant as well. The improvement was particularly noticeable for the radar stations 
located at 200 and 400 meters away from the moving reflector. A higher SNR value than in 
previous tests was obtained, which is apparent from the comparison of Tables 5.4 and 5.5.

Table 5.5 
SNR values recorded for radar reflectors in accuracy testing

Radar–moving refl ector 
distance

[m]

SNR for the refl ector

1
[dB]

2
[dB]

30 74.8 76.1

60 61.0 61.1

100 59.6 61.9

200 52.4 46.3

400 46.9 40.8

5.3.2. Test on a real structure

The maximum range of the IBIS-S interferometric radar claimed by the manufacturer is 
1000 m (ETSI, 2006; IDS, 2010a). In order to verify the value of the maximum usable range, 
high structure vibrations were observed. This choice was dictated by the need to avoid distur-
bances due to reflections and scattering of the beam from the radar to the observed point, and 
the multipath signal effect. The studies described in Section 5.3.1 revealed that for distances 
greater than 500 m the strength of the signal returning to the receiving antenna was poor if 
accompanied by disturbance, even with the use of a radar reflector as the observed point, and 
does not allow the reliable surveying of displacements.

A high structure selected for the tests was a 260-meter industrial stack. Structures of this 
type have a characteristic range profile, due to the reflections from the steel galleries (Fig. 4.17 
and 4.18). The shape of the profile, having peaks equidistant from each other, allows the proper 
identification of the observed structure. In addition, an industrial stack is a structure with a slen-
der shape, and thus even a mild wind can induce vibration of its top, of a millimeter amplitude, 
which is possible to measure using a radar. If, during the measurement, this type of movement 
is observed for a few points, it will prove that the structure has been identified properly.

Four observation positions located at approximately 500, 750, 1000 and 1250 m from 
the top of the observed smokestack were selected for the test (Positions A, B, C and D in 
Figure 5.9, respectively). The stations were selected taking into account the need to ensure 
visibility and to avoid disturbances between the radar and the top of the smokestack.



130

Figure 5.9. Layout of the positions for testing the radar range (image source: Google Earth)

The observations from Positions A and B were carried out with wide-angle IBIS-ANT1 
horn antennas (Fig. 4.12a), while narrow-angle IBIS-ANT4 antennas were used for Positions 
C and D (Fig. 4.12b). Using IBIS-ANT4 antennas, characterized by the smallest azimuth 
beam spread of all the antennas available (Table 4.2), was due to the fact that only these 
antennas allowed sufficiently strong signal reflections to be obtained from the smokestack. 
Antennas of wider patterns, used at the most distant radar stations, caused excessive disper-
sion of the beam.

To carry out the survey, the radar was oriented in such a way as to ensure the compliance 
of the antenna azimuth characteristics with the direction of the axis of the observed smoke-
stack, i.e. perpendicular to the horizon (Fig. 5.10). Table 5.6 summarizes radar operating 
parameters at each of the positions, resulting from mutual constraints (Fig. 4.16).

Figure 5.10. Visibility of the smokestack top from the radar positions: a) 490 m; b) 710 m; c) 1030 m; 
d) 1280 m from the top of the smokestack
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Table 5.6 
Measurement parameters during the tests of maximum usable radar range

Position Distance to the top of the smokestack
[m]

Rmax

[m]
fs

[Hz]
ΔR
[m]

A 490 600 64 1

B 710 900 55 1.5

C 1030 1200 48 2

D 1280 1500 35 2

Figure 5.11 presents the 100-meter fragments of range profiles, recorded at each obser-
vation station, which relate to the echo coming from the analyzed smokestack. 

The diagrams used the following marks:

– symbol “+” denotes a signal reflected from the point identified as an element of the smoke-
stack,

– symbol “○” denotes a signal reflected from the point identified as an element of the 
smokestack, but subject to strong disturbances,

– symbol “×” denotes a reflected signal subject to very strong disturbances, which prevent 
the identification of the point on the stack, or reflections from objects which do not be-
long to the stack.

When identifying radar beam reflections from the stack elements, similarities between 
displacement diagrams for particular points were taken into account. Displacements of the 
points located on the stack, which is only slightly exposed to the wind effect, constitute har-
monic motion, consistent in phase for all the points. In addition, the amplitude of vibration 
will be similar (but increasing with the elevation of the point on the stack), and the natural 
frequency – the same for all the points. During the tests, the largest recorded amplitude of the 
stack vibrations was approximately 3 mm. The natural frequency of the stack, as calculated 
on the basis of the conducted tests, was equal to 0.16 Hz.

Setting the radar at Position A results in strong radar beam reflections from the observed 
stack (Fig. 5.11a). A strong reflection recorded for the distance of 482 m, using IBIS-ANT1 
antennas (wide-angle), did not come from the element of the stack.

The radar set at Position B recorded a fairly low power of the returning signal while using 
IBIS-ANT1 antennas (Fig. 5.11b), which causes a decrease in displacement measurement 
accuracy (Tab. 5.2). As shown in Figure 5.12a, the diagrams of horizontal displacements for 
the points located at the distance of 672 and 708 meters from the radar are sinusoidal and have 
a similar wave course. This may mean that the two observed points are located on the stack. 
Although the displacement diagrams of the two points revealed strong measurement noise, 
the results of spectral analysis (Fig. 5.12b) show that both points oscillate at a frequency of 
0.16 Hz, i.e. they are elements of the stack. The point located at the distance of 705 m from the 
radar is not, however, a part of the stack, which is evident both from its displacement diagram 
and the results of frequency analysis.
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Figure 5.11. Fragment of the range profile observed from the radar position:
a) 490 m; b) 710 m; c) 1030 m; d) 1280 m from the top of the stack

At Position C, narrow-angle IBIS-ANT4 antennas were used. Nevertheless, identifi-
cation of displacements which were identified as stack vibrations was hampered due to the 
presence of signal disturbances. This was probably a consequence of reflections from the ele-
ments located in the radar field of view, such as telecommunications towers and trees. Such 
obstacles may cause the multipath signal effect.

As compared with Position C, in the field of view of the radar located at D, there were no 
obstacles that could cause significant disturbance of the signal. Despite a significant distance 
to the top of the stack (1280 m), the oscillations consistent in phase (Fig. 5.13a) and of the 
same frequency equal to 0.16 Hz (Fig. 5.13b) were recorded.
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Figure 5.12. Observation results from Position B: a) horizontal displacement graph; b) fragment of the 
frequency spectrum of displacements

Figure 5.13. Observation results from Position D: a) horizontal displacement graph; b) fragment of the 
frequency spectrum of displacements
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The test results confirm the value of the maximum range of the IBIS-S interferometric 
radar equal to 1000 meters. It should be noted, however, that the observations conducted from 
a distance of over 500 m can be subject to strong disturbance by reflections from the elements 
located in the radar field of view, especially when using IBIS-ANT1 wide-angle antennas. 
A clear image of vibrations is obtained for the points with high SNR values.

5.3.3. Assessing usable range of the IBIS-L system
According to the information provided by IDS (IDS, 2008), the maximum range of the 

radar interferometer in the IBIS-L version is approximately 4000 meters. In order to verify 
the possibility of monitoring engineering structures from such large distances, experimental 
surveys on a concrete water dam were conducted.

Despite the fact that the structure which was selected was characterized by large di-
mensions, both in terms of width and height, there was no possibility to verify the full range 
of distances. Due to the relief of the land surrounding the dam, the farthest test position was 
located within about 1300 meters (Fig. 5.15), and the closer stands were located at the dis-
tances of 170 m and 260 meters. Figure 5.14 presents the arrangement of the IBIS-L positions.

Surveying was carried out by setting the linear resolution at 0.5 m (in order to distinguish 
the maximum number of points in the vertical profile of the dam), while the angular resolution 
was set at 15’ (4.40 mrad), which at the distances of 170 m, 260 m and 1300 m means a trans-
verse pixel dimension of 0.74 m, 1.13 m and 5.72 m, respectively. In order to determine the effect 
of the distance on the echo strength of the reflected signal, the central part of the dam, located 
directly above the powerhouse and visible from all the positions, was analyzed (Fig. 5.16).

Figure 5.14. Layout of the IBIS-L positions (image source: Google Earth)
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Figure 5.15. The area monitored by the IBIS-L system

Figure 5.16. Echo strength of the recorded signal reflected from the central part of the dam

With the distances varying so much between the positions, it was impossible to read the 
signal strength for the same point. It was decided to select a pixel, which was located approx-
imately at a similar area and was characterized by the highest possible signal-to-noise ratio 
(thermal SNR). The comparison results are presented in Table 5.7.

Table 5.7. 
Comparison of SNR for the points at the central part of the dam recorded from different distances

Position Distance
[m]

Thermal SNR
[dB]

A 170 45.4

B 260 46.5

C 1300 26.5
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A fivefold increase in the distance resulted in a decrease in the echo strength of the reflect-
ed signal by 20 dB. Despite such a large increase in the measurement noise, it is theoretically 
possible to determine displacement of the recorded points with an accuracy better than 0.3 mm 
(Rödelsperger, 2011). During the monitoring of engineering structures, such as heavy water 
dams, in addition to accuracy, the quantity and position of controlled points is also essential. 
In the case of positions located near the structure (up to 300 m), a great number of points which 
are characterized by the high echo strength of the returning signal (SNR > 30 dB) are recorded. 
Proper distinguishing of the points located on the transverse profile of the dam is also crucial. 
This makes it possible to monitor not only the displacements of the dam crest, but also of the 
surface of the dam at different elevations. However, when analyzing the survey results obtained 
from the position at the distance of 1300 meters, it should be noted that, in the longitudinal direc-
tion of the dam, the number of recorded points is considerably smaller (which is closely related 
to the angular resolution). But the most disadvantageous is the fact that there is no possibility to 
distinguish the points located at different levels of the structure (Fig. 5.16).

While analyzing the whole radar image (Fig. 5.17), it can be noted that the radar beam 
illuminated the entire structure. The strongest returning signal comes from the dam section 
which contains spillways. The rest of the dam has weaker echo signal strength, but it is still 
possible to measure it. In order to control the correctness of the measurement from the dis-
tance of 1300 meters, half-hour surveying was carried out, which included four measurement 
periods. For the analysis, eight points with high coherence were selected, which are evenly 
distributed on the observed structure. The displacement values of the selected points are 
shown in Figure 5.18.

Figure 5.17. View of the dam: a) based on the radar survey from Position C; b) on the orthophotomap 
(image source: geoportal.gov.pl)

Displacements of all the points are compatible with each other, revealing low values 
of the measurement noise, which did not exceed 0.5 mm. Analyzing the displacements with 
time, steadily rising values should be noted, which eventually reach 2 mm in the direction 
of the interferometer axis. The nature of displacements proves the impact of the gradient 
of atmospheric conditions on the determined values.
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Figure 5.18. Displacements of the observed points of the dam

5.4. Influence of the reflecting surface

5.4.1. Influence of the surface type on the results 
of observations – IBIS-S

The ratio of the reflected signal to the measurement noise (SNR) depends on the surface 
reflecting the radar beam. When the observed structure is made of a material which poorly 
reflects microwave radiation, the SNR value is very low. According to Table 5.2, SNR has 
a significant impact on the accuracy of the results. To increase the strength of the reflected 
signal, microwave reflectors can be used. Their use is conditioned by the type of structure and 
the terrain conditions. Depending on the type of structure and the material it is made of, range 
profiles will be, to varying degrees, difficult to interpret. For a certain group of structures, 
radar reflectors are essential for the correct interpretation of the results, for another group they 
are not needed, but if installed they facilitate the interpretation of the results. There is also 
a group of structures for which the reflectors, if installed, do not bring additional knowledge, 
neither about the structure itself or the range profile. This section presents different types 
of measurement structures and their corresponding range profiles, illustrating the problem 
of a range profile as the SNR image dependent on the type of the structure.

During the survey, as shown in Figure 5.19, in the space observed by the radar, there was 
a slightly inclined ground surface. Within the range of the radar, two microwave reflectors 
were installed, as presented in the enlarged fragment of the image. Changing the SNR value 
is shown on the graph as distinct peaks, marked with the letter “R”. The SNR which had ap-
proximately 35 dB for the low reflecting surface, thanks to the use of reflectors, increased at 
points to the level of 58.5 dB and 54.0 dB.



138

Figure 5.19. Summary information about the signal reflection from radar reflectors and ground surface: 
a) view of the observed surface; b) range profile; c) reflective points selected from the range profile, 

their range and SNR

One of the main surveying structures for which the IBIS-S system was designed is the 
industrial smokestack. The access to the stack in order to install the microwave reflectors is 
very often difficult or impossible. Then, additional elements such as galleries, handrails and 
platforms, etc. are very helpful during surveys. An example of such a structure is the stack 
shown in Figure 5.20 with galleries, which are clearly visible on the range profile. Due to 
the large size of the galleries, they may cover more than one rangebin. The SNR value for 
a gallery which is 249.5 m away is 39.4 dB, while for the shell of a smokestack located at 
a similar distance – merely 14 dB.

 

Figure 5.20. Summary information about the signal reflection from an industrial smokestack with 
galleries: a) view of the observed structure; b) range profile; c) reflective points selected from the range 

profile, their range and SNR

In contrast to the stack with galleries, those with a smooth shell are difficult to measure. 
On the example range profile recorded for the multi-tube stack (Fig. 5.21), after the nearest 
strong reflections coming from the surrounding buildings, the signal returning from the stack 
itself is weak. The SNR ratio is of several dB. Single visible noises and amplification are prob-
ably derived from a few elements of the stack, such as losses in the shell and signaling lights. 
For the rangebins corresponding to the top of the stack, amplification is visible coming from 
the stack shaft outlets. In addition, one microwave reflector was installed on the structure, 

a) b) c)

a) b) c)
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which greatly amplifies the signal and is visible on the profile. The structures with a smooth 
concrete surface are difficult to survey because of the unfavorable SNR, and they should be 
equipped with microwave reflectors.

 

Figure 5.21. Summary information about the signal reflection from an industrial smokestack with 
a smooth shell: a) view of the observed structure; b) range profile; c) reflective points selected from the 

range profile, their range and SNR

Wooden structures with metal elements are troublesome to measure due to the difficulty 
in analyzing the range profile and measurement results. An example of such a structure is 
a wooden tower equipped with a number of telecommunication antennas (Fig. 5.22). During 
the survey, two microwave reflectors were installed on the structure – at mid-height and at 
the top. The upper reflector clearly amplifies the reflected signal and is easy to identify. The 
reflector installed at the mid-height of the structure also amplifies the beam, but its SNR 
equal to 35.0 dB is not significantly larger than of the other observed structural elements and 
the mounted antennas, the movement of which may be inconsistent with the behavior of the 
tower. When surveying this type of structure, the reflectors can be helpful, but it is necessary 
to accurately measure the geometry of a structure in order to correctly indicate the reflectors 
and additional devices.

 

Figure 5.22. Summary information about the signal reflection from wooden tower: a) view of the ob-
served structure; b) range profile; c) reflective points selected from range profile, their range and SNR

a) b) c)

a) b) c)
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Structures on which the installation of microwave reflectors is very difficult due to health 
and safety regulations as well as the zone of dangerous radiation, are telecommunication 
masts (Fig. 5.23). Although there were no reflectors during the survey, a satisfactory ratio 
of reflected signal-to-noise was obtained. Thanks to the specificity of the structure as well 
as numerous equipment, it was possible to obtain the SNR reaching 42.8 dB at the distance 
of 210.6 meters.

Figure 5.23. Summary information about the signal reflection from a steel mast: a) view of the observed 
structure; b) range profile; c) reflective points selected from the range profile, their range and SNR

A structure on which installing reflectors does not bring any additional knowledge is 
a shaft tower (Fig. 5.24). In the presented measurement case, two microwave reflectors (“R”) 
were mounted on the structure, but without additional measurement of the geometry it was 
not possible to identify them on the range profile. The shaft tower, due to its design and the 
material which it is made of, very strongly reflected microwave beams, giving a strong SNR 
reaching 68.5 dB. However, without knowing the exact geometry of the structure, based on 
the range profile analysis, it is not possible to conclude which rangebin constitutes a particular 
structural element. Steel structures with complicated geometry are examples of the structures 
where the accurate measurement of the geometry using traditional surveying techniques is 
essential for the observation data to be correctly interpreted.

 Figure 5.24. Summary information about the signal reflection from steel shaft tower: a) view of the 
observed structure; b) range profile; c) reflective points selected from range profile, their range and SNR

a) b) c)
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An example of a structure where installing reflectors is required is presented in Fig-
ure 5.25. It is a bridge, the construction of which was covered with metal lagging, mainly for 
aesthetic reasons. The lagging is not part of the structure, so its movement under loads does 
not provide a reliable image of the behavior of the bridge structure itself. In addition, the 
strength of the reflected signal decreases rapidly with the increasing distance from the radar. 
In the nearest part of the structure the SNR is 60 dB, but at a distance of 50 meters it reduces to 
a level of 30 dB. The amplification effect of the signal through installing reflectors is visible on 
the range profile. At the farthest point of the reflector installation (Rbin267), the SNR for the 
reflector is 54.1 dB, but for the points which are elements of the bridge it varies around 25 dB.

 

Figure 5.25. Summary information about the signal reflection from a bridge span covered with metal 
lagging: a) view of the observed structure; b) range profile; c) reflective points selected from the range 

profile, their range and SNR

Among the structures which do not require the use of reflectors (but their installation 
may facilitate the interpretation of the range profile and the survey results) is a reinforced 
concrete cable-stayed bridge with a beam and slab construction of the span (Fig. 5.26). The 
regularity of steel structural elements allows individual peaks coming from the reflections 
of the radar wave to be identified on the range profile. The SNR is very advantageous for 
those points, reaching 65.5 dB at a distance of 26 meters. It should be noted that, in order to 
correctly interpret the range profile and properly identify measurement points, total station 
surveying of the geometry of the structure is needed. Without it there can be no assurance 
about which structural element is the analyzed rangebin.

Yet another structure which, thanks to its design, does not require any installation of re-
flectors is the bridge presented in Figure 5.27. The construction of the bridge in the form 
of regular diaphragms is very visible on the range profile of the structure (for a better analysis, 
a fragment of the profile marked with a rectangle was enlarged). Subsequent structural beams 
can be distinguished in particular peaks, and the material which they are made of allows the 
SNR of 52.6 dB to be obtained. A high SNR is attainable practically for the whole construc-
tion. Although the distance increased, the SNR value was still 30 dB at a distance of nearly 
200 meters. In the conducted surveying tests, three microwave reflectors were mounted – in 
the middle of the span, at the end of the span and at the top of the pylon. Signal amplification 
is visible on the range profile, but the SNR for the elements of the structure is sufficiently 
high and the microwave reflectors are not necessary.

a) b) c)
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Figure 5.26. Summary information about the signal reflection from a reinforced concrete cable-stayed 
bridge: a) view of the observed structure; b) range profile; c) reflective points selected from the range 

profile, their range and SNR

Figure 5.27. Summary information about the signal reflection from elements of a steel cable-stayed 
bridge: a) view of the observed structure; b) range profile; c) reflective points selected from the range 

profile, their range and SNR

Structures where the radar beam is strongly reflected by the construction are footbridges 
with steel structural elements. During the conducted tests, five microwave reflectors were 
mounted on the structure (Fig. 5.28). Due to the fact that the structure had numerous steel, 
reflective elements, the reflectors proved to be unnecessary. On the range profile, the signal 
reflected from the structure itself is very strong and reaches 74.7 dB. A number of peaks on 
the profile could be observed and, as in the case of the steel shaft tower (Fig. 5.24), without 
a precise measurement of the structure’s geometry, distinguishing the reflectors from the 
structural components is impossible.

A footbridge with fewer steel elements (Fig. 5.29) gives a weaker signal of the reflect-
ed beam. On the example of the conducted survey, it can be concluded that the installation 
of microwave reflectors on such structures is helpful and greatly amplifies the SNR. For the 
installed reflectors, the ratio of the returning signal-to-noise reaches 64.3 dB, while the same 
ratio for the signal reflected from the structural elements is 40 dB. Due to the absence of single 

a) b) c)

a) b) c)



143

structural elements of significant dimensions (which occurred in the previous example), it is 
necessary to accurately measure the geometry of the surveyed structure in order to enable 
a proper analysis of the results.

 

Figure 5.28. Summary information about the signal reflection from a footbridge span without radar 
reflectors: a) view of the observed structure; b) range profile; c) reflective points selected from the range 

profile, their range and SNR

 

Figure 5.29. Summary information about the signal reflection from a footbridge span with radar 
reflectors: a) view of the observed structure; b) range profile; c) reflective points selected from the range 

profile, their range and SNR

5.4.2. Influence of the type of surface on the results 
of observations – IBIS-L

Grassy slope
One of the uses of the IBIS-L system is the monitoring of landslides. For such structures 

it is important that the survey can be performed for natural points of the terrain. Most tests for 
the IBIS-L system usefulness for landslides were developed on steeply sloping rock landslides 
(Monserrat et al., 2011), but in Polish conditions landslides of terrain covered with vegetation 
are primarily dealt with.

In order to specify the usefulness of the IBIS-L system for the monitoring of grassy 
slopes, a surveying experiment was carried out to identify the degree of microwave wave 
reflection and to evaluate measurement noise occurring during the survey. The survey was 
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performed in 8 series using wide-angle antennas with a 13.5 dBi gain (IBIS-ANT1). Figures 
5.30 and 5.31 depict a photo showing the position with respect to the observed slope, as well 
as a diagram of the reflected echo signal.

Figure 5.30. Position of the IBIS-L system in relation to the observed slope

Figure 5.31. Diagram of the strength of echo signal reflected from the grassy slope

On the SNR map (Fig. 5.31) a set of points located on the slope was selected. Their 
mean thermal SNR coefficient was about 30 dB with coherence above 0.85. The graph of dis-
placements of the selected points is shown in Figure 5.32. It should be noted that, despite the 
short distance to the slope, the relatively low strength of the reflected signal and the large 
scatter of the measured points amounting to about 1 mm were recorded, although according 
to Rödelsperger (2011) values at the level of 0.1 mm were to be expected.

Most of the points characterized by a high signal-to-noise ratio are within a distance 
of 200 m, above which the mean value of the returning echo signal is significantly reduced. 
Assuming that a structure with similar characteristics, such as an earth-fill dam, will be ob-
served from a greater distance than the one in the test, a much weaker strength of the returning 
signal should be expected, which causes much smaller displacement surveying accuracy. An-
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other important element to bear in mind when planning the survey is the land pixel size. In the 
longitudinal direction it is fixed at 0.75 (0.5) or 1.0 m (depending on the used frequency band 
of the measuring wavelength, see Table 4.1), but in the transverse direction it is dependent on 
the distance, and at the distance of 500 meters lateral resolution exceeds 2 meters (Fig. 4.29). 
Vegetation located in the area may increase the measurement noise. Land pixel size also caus-
es problems in identifying the exact location of the reflective element in the field. In the case 
of periodic monitoring of less stable earth-fill structures, the maximum displacement value is 
not negligible. It is closely associated with the problem of uncertainty regarding the number 
of full wave cycles and is 4.36 mm. This is a value that can be easily exceeded, especially if 
the device does not monitor the area in a continuous manner.

Figure 5.32. Displacements of selected points on the slope

Concrete dam

The quality of the radar signal being reflected from a concrete surface has been presented 
in detail in Section 5.3.4. On the maps of the echo strength of a reflected radar wave, it can be 
observed that even at large distances (of about 1 km) between the radar unit and the structure, 
there are points with high signal strength (SNR > 30 dB). This section focuses primarily on 
the problem of surveying the points signaled with radar reflectors when there are concrete 
surfaces in the background.

When the purpose of a survey is to determine displacements of a selected point on 
the observed structure, or there is not a sufficient number of places reflecting a microwave 
radar beam, it is necessary to use special microwave reflectors (Tab. 5.1). For the purpose 
of surveying a gravity dam, it was necessary to measure the points which were not subject to 
displacement, and which were needed to eliminate the influence of atmospheric parameter 
gradient on the value of the determined displacements. The location and method of stabilizing 
such a point are shown in Figure 5.33.
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Figure 5.33. Location of a microwave reflector

While analyzing a power chart for a single survey (Fig. 5.34a), a point can be noticed 
which has a clearly larger SNR than any other point in the surrounding area. The correct lo-
cation of the points is confirmed by the measured distance from the radar to the reflector. To 
work out displacements, an average map of the signal-to-noise ratio should be executed (Fig. 
5.34b). Its analysis proves that, in spite of using the reflector, the point was not visualized due 
to the poor quality of the reflected signal.

Figure 5.34. Visualization of the reflected signal strength for: a) a single survey; b) multi-hour surveys

5.5. Testing of signal stability

Due to the planned work in the research project, which aimed to determine the accuracy 
of displacement surveys using a ground-based IBIS interferometric radar, a test was con-
ducted with the purpose of assessing the repeatability (stability, precision) of an immovable 
structure position survey.
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Studies of the precision of position surveying using the IBIS radar were conducted for the 
IBIS-S version in a flat open field, with no obstacles in the space observed by the radar. As a re-
flective element, an aluminum trihedral radar reflector with an edge length of  20 cm was used.

The test was performed, implementing a survey to the reflector which was distanced 
from the radar by 38 meters and by 192 meters. The reflector was in two positions relative 
to the rail and the tripods on which it was mounted. In the first position (PI) the reflector 
was put forward by 60 cm to the front of the whole construction supporting the reflector. In 
the second position (PII) the reflector was moved by about 1 meter so that it was over the 
construction. The first position enabled the observation in the measuring range (rangebin) 
only of the reflector. The second position allowed for the observation of the reflector, in 
the neighborhood of which there were other elements of the supporting construction (a few 
elements in a rangebin). Through such a configuration, information was obtained about how 
the repeatability of the radar surveying is affected by other incidental elements located in the 
same range as the reflector. In each of these configurations, the surveys were conducted using 
the IBIS-ANT1 and IBIS-ANT4 antennas. An answer was obtained to the question concern-
ing which of these two pairs of antennas has a higher precision of measuring a position. The 
measurement diagram is presented in Figure 5.35. The tests were performed in both static and 
dynamic modes. In the static mode for each measurement configuration, 30 observations at 
two-second intervals were recorded. In the dynamic mode the observations lasted 1 minute 
and 3000 observations were recorded (radar surveying frequency was 50 Hz).

Figure 5.35. Scheme of the survey stability assessment test

Analysis of the test results began with quality assessment of the signal recorded in indi-
vidual range profiles. Figure 5.36 summarizes the profiles recorded from individual positions 
using IBIS-ANT1 and IBIS-ANT4 antennas at the first set-up of the reflector. With the ra-
dar-structure distance R equal to 192 m, while conducting a survey using the IBIS-ANT4 an-
tenna, the rangebin representing the reflector definitely stands out from the profile and reaches 
the SNR value of 59 dB. With the IBIS-ANT1 antenna, the reflector does not stand out from 
the background, and the SNR is smaller and reaches the value of 45 dB. At this distance, in the 
empty space where there is a reflector, identifying a given rangebin as its response is impossible 
without the use of surveying methods. For the distance of 38 meters, in both range profiles, the 
rangebin representing the reflector stands out clearly. The SNR for the IBIS-ANT4 antenna is 
70 dB, and for the IBIS-ANT1 antenna – 56.7 dB. In both range profiles there are also other 
strongly distinctive rangebins of high SNR value (the distance of 29 m). For real structures, 
such reflections can be mistakenly recognized as targets, and thus it is also necessary to survey 
the instrument–reflector relationship. With the second position of the reflector (over the struc-
ture) no significant changes in the range profile and the SNR values were noted.
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Figure 5.36. Range profiles of the stable reflector observations placed in the position PI

In the next step of the test result analysis, surveying precision of an immovable structure 
position was evaluated. Therefore, values of the measurement noise for both surveying modes – 
static and dynamic – were determined. Figure 5.37 summarizes an example effect of record-
ing the reflector position with time, in both modes of the radar surveying (the IBIS-ANT4 
antenna – the static mode, the IBIS-ANT1 antenna – the dynamic mode).

Figure 5.37. Graphs of radial displacements of the stable reflector observed: a) in the static mode; 
b) in the dynamic mode
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In both modes, measurement fluctuations occur, as does a systematic factor sometimes – 
a trend of the stable reflector position change with time. This is much more frequent and more 
distinctive for the IBIS-ANT4 antenna. This effect varies as to the signs and in the observed 
time it is linear. This may be associated with the fact that the surveys were carried out in 
winter in typical field conditions. The radar observation was conducted from a tripod, and not 
through forced centering, which appeared as a micro-movement of the instrument, especially 
for the larger IBIS-ANT4 antennas. For the assessment of the measurement noise, it has been 
removed from the data by correcting the survey by the value of the trend determined by lin-
ear regression of the set of observation data. Figure 5.38 presents an example set of results. 
Table 5.8 summarizes the spread, the mean value and the standard deviation of the observation 
results in the static and dynamic modes – in all surveying configurations.

Figure 5.38. Graphs of radial displacements of the stable reflector observed at a distance of 192 m: 
a) in the static mode; b) in the dynamic mode

Based on the conducted test, it was found that:
– standard deviation of the stable reflector position surveys in the static and dynamic 

modes in corresponding configurations is mutually similar in value;
– there is no difference in the precision of the position survey between the static and dy-

namic modes;
– in both modes, standard deviation did not exceed 0.06 mm;
– surveying of the stable reflector position using the IBIS-ANT4 antenna has a lower 

standard deviation value than the IBIS-ANT1 antenna, and this discrepancy increases 
with the radar–reflector distance;

– when, in a given rangebin, only a reflector was observed (Position PI), standard deviation 
for the IBIS-ANT4 antenna did not exceed the value of 0.01 mm;

a)

b)
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– the occurrence of other elements within the rangebin (Position PII) resulted in the in-
crease in standard deviation of surveying the position of the stable reflector to 0.03 mm 
for the IBIS-ANT4 antenna at a distance of 192 m, and 0.06 mm for the IBIS-ANT1 
antenna at the same distance.

Table 5.8 
Summary of maximum and minimum values, spread and standard deviation (st. dev.) of the observa-

tion results in the static and dynamic modes and all surveying configurations

 

192 m 38 m

PI PII PI PII
IBIS-

-ANT4
IBIS-

-ANT1
IBIS-

-ANT4
IBIS-

-ANT1
IBIS-

-ANT4
IBIS-

-ANT1
IBIS-

-ANT4
IBIS-

-ANT1

St
at

ic
 m

od
e max [mm] 0.02 0.11 0.04 0.12 0.02 0.07 0.02 0.05

min [mm] –0.02 –0.12 –0.05 –0.14 –0.01 –0.03 –0.03 –0.07

spread [mm] 0.04 0.22 0.09 0.26 0.03 0.09 0.05 0.12

st. dev. [mm] 0.01 0.05 0.03 0.06 0.01 0.02 0.01 0.03

D
yn

am
ic

 
m

od
e

max [mm] 0.03 0.26 0.08 0.26 0.04 0.16 – 0.06

min [mm] –0.05 –0.30 –0.08 –0.25 –0.02 –0.11 – –0.06

spread [mm] 0.08 0.55 0.16 0.52 0.06 0.27 – 0.13

st. dev. [mm] 0.01 0.05 0.03 0.06 0.01 0.01 – 0.02

Due to the obtained results, the IBIS-ANT4 antenna was used more often in the further 
tests showing the application of the surveys with the ground-based interferometric radar to 
study the displacements and vibrations of engineering structures.

5.6. Influence of characteristics of antennas

5.6.1. Verifying the actual characteristics of antennas
Before carrying out surveys using the IBIS system, the radar unit must be equipped with 

two microwave antennas: a transmitting and receiving one. The manufacturer provides 6 types 
of horn antennas (Tab. 4.2) with different properties. Two examples of the antenna patterns 
(most different from each other) are shown in Figure 4.12. These characteristics have been 
verified in the tests described in this section.

The studies were conducted in an open field. The radar unit was set on one slope of the 
valley, and two radar reflectors were placed on the opposite slope (Fig. 5.3). This relief was 
chosen in order to eliminate, as much as possible, radar beam reflections from other elements.

The test consisted of recording range profiles at different directions of the radar axis 
to the observed reflectors. In the initial setting, the radar axis was directed at one of the 
reflectors. Then the direction of the axis was changed by degrees of multiples of ±2.5°, and 
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then each range profile was recorded. Both azimuth antenna patterns (by changing the angle 
φ – Figure 5.39a) and elevation antenna patterns (by changing the angle θ – Figure 5.39b) 
were subject to the studies. Figure 5.40 depicts examples of range profiles (Fig. 5.40a – for 
φ = 0° and θ = 0°, Fig 5.40b – for φ = –22.5° and θ = 0°). In both cases, the peaks are visible 
at distances of approximately 106 and 161 m (Rbin213 and Rbin325), however, non-axial 
directing of the radar at the reflectors results in a much weaker returning signal.

Figure 5.39. Changes in the direction of the radar axis during the studies of: a) azimuth; 
b) elevation patterns

Figure 5.40. Range profiles recorded for different settings of the radar unit with respect to radar reflec-
tors: a) for φ = 0° and θ = 0°; b) for φ = –22.5° and θ = 0°

Decreases in the SNR value, resulting from non-axial directing of the radar at the re-
flector, were calculated relative to the maximum values obtained for the direction φ = 0° and 
θ = 0° (Fig. 5.40a). The results of calculations were marked on common graphs: for the 
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IBIS-ANT1 antenna – in Figure 5.41a-b, and for the IBIS-ANT4 antennas – in Figure 5.41c-d, 
assuming the maximum value as 0 dB in each case.

In Figure 5.41, in addition to the values obtained from the tests, antenna patterns provid-
ed by the manufacturer were marked in black. In all the cases, inconsistency can be noticed, 
indicating a return signal which was obtained in the field, about twice weaker in relation 
to the theoretical values. This phenomenon is due to the fact that, during the test (and also 
during each survey carried out using the radar), both antennas (transmitting and receiving), 
permanently attached to the radar unit, were subjected to rotation. However, antenna patterns 
are given for one antenna only. Therefore, the actual decrease in the strength of the returning 
signal will be twice weaker than that determined by the antenna patterns. This does not change 
the mutual dependence of the antenna patterns, though.

Figure 5.41. Antenna patterns test results (analogous to Figure 4.12): a) IBIS-ANT1 – elevation; 
b) IBIS-ANT1 – azimuth; c) IBIS-ANT4 – elevation; d) IBIS-ANT4 – azimuth

5.6.2. Influence of antenna selection 
on structure observation using the IBIS-S system

Section 4.3.1 presented the possibility of adjusting the range profile during surveys by 
appropriate setting of the radar with respect to the observed structure. Another important 
factor is the selection of an antenna with suitable characteristics.

Figure 5.42 shows range profiles recorded from the same position during the observation 
of a 260-meter industrial stack with two different pairs of antennas. Antennas with distinctly 
different characteristics were selected – IBIS-ANT1 and IBIS-ANT4. Due to the fact that azi-
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muth patterns of these antennas differ the most (Fig. 5.41b and 5.41d), the instrument was set in 
such a way that the azimuth patterns of the horn antennas corresponded to the direction of the 
stack axis. This means directing the H plane (Fig. 4.13) perpendicular to the horizon (Fig. 5.43).

Figure 5.42. Industrial stack range profiles recorded with two pairs of antennas: IBIS-ANT1 
and IBIS-ANT4

Figure 5.43. The location of the radar with respect to the observed industrial stack

In Figure 5.42, the points which correspond to the five highest galleries of the observed 
stack were marked with “+”. A strong reflection was obtained using the IBIS-ANT4 antennas 
which, due to their azimuth pattern, can be called a narrow-angle one. Any reflected elements 
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that are beyond the closest neighborhood of the radar axis give a low SNR. Hence, the nar-
row-angle antennas should be used for observing a narrow part of the space, especially when 
only a single point is subject to surveys.

The IBIS-ANT1 antennas have a wide-angle azimuth pattern. A wide angle in which 
the radar beam is sent means that many more reflective elements are visible on the range 
profile than for the IBIS-ANT4 antennas. As an example, in Figure 5.42, two points which 
are invisible for the IBIS-ANT4 antenna at a distance of approximately 480 and 520 meters 
were marked with “×”. These points are not elements of the observed stack. The IBIS-ANT1 
antennas should be used when the studied structure occupies a significant part of the visible 
space (e.g. as a result of the close location of the radar with respect to the structure), and many 
points are subject to observation.

5.6.3. Influence of antenna selection 
on structure observation using the IBIS-L system

When preparing the monitoring project using the IBIS-L system, in addition to such 
issues as location of stands or frequency, an important problem is the selection of an ap-
propriate set of antennas (receiving and transmitting). While monitoring a structure of large 
dimensions in the transverse direction, the natural choice is a wide-angle antenna. However, 
this type of antenna is characterized by a lower signal strength gain, which may be important 
in the case of structures with lower reflectivity. The purpose of this experiment is to verify 
the difference in the returning signal strength using different sets of antennas. Experimental 
surveys were performed from two different positions of the surveying set, 170 m and 260 m 
away from the structure, respectively.

The first test was carried out from a position distant from the dam crest by about 170 m, 
consecutively using the available antennas. At the time of the surveys, two different sets 
of antennas were available:

– a set of narrow-angle IBIS-ANT4 antennas (Fig. 5.44a),
– a set of wide-angle IBIS-ANT1 antennas (Fig. 5.44b).

Figure 5.44. Chart of the signal strength recorded from Position 1: a) with the IBIS-ANT4 antennas; 
b) with the IBIS-ANT1 antennas
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The charts illustrate the difference in the angular range of the two antennas well. A set 
of IBIS-ANT4 antennas only allows the behavior of the dam to be monitored in a very narrow 
range, whereas the second set (IBIS-ANT1) sweeps the dam from the spillways to its bend. 
In order to compare the reflected signal strength in the post-processing data program, a set 
of points was indicated, for which a further study was carried out (Fig. 5.45).

Figure 5.45. Selection of points for the analysis from Position 1

In each selected point, the signal-to-noise ratio was recorded and compared between the 
antennas. Differences in the SNR for the two sets are highly dependent on the send-receive angle 
of the beam (Fig. 5.46), but for the wide-angle antennas the signal strength values are more equal.

An analogous test was performed from the position distant from the dam crest by about 
260 m. Thanks to increasing the distance, the transverse range for the antennas with a 23.5 dBi 
gain (Fig. 5.47a) is large enough that it contains spillways (although the strength of the reflected 
signal is not that high) and the dam wall up to the point of dam bend. The signal-to-noise ratio 
for the wide-angle antennas (Fig. 5.47b) is still more equal and includes a wider range of the 
dam – although the advantage over the narrow-angle antenna is not as big as it was at Position 1.

As before, a detailed assessment of the differences in the signal strength recorded using 
two different sets of antennas was carried out. 

For this purpose, measurement points were arranged as uniformly as possible (Fig. 5.48) 
and the signal quality parameters were recorded, such as:

– thermal SNR,
– estimated SNR,
– coherence,
– phase stability.
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Figure 5.46. Graph of the differences in the returning signal strength recorded with different antennas 
from Position 1

Figure 5.47. Chart of the signal strength recorded from Position 2: a) with the IBIS-ANT4 antennas; 
b) with the IBIS-ANT1 antennas

A detailed analysis of the above values revealed (as in the nearer position) that the change 
in the thermal SNR is strongly correlated with the change in the angle of signal receiving (Fig. 
5.49). Other characteristics of the reflected signal do not indicate a significant relationship to 
the angle of signal receiving.

By analyzing the graphs contained in Figures 5.46 and 5.49, it can be noticed that 
in both cases for the points located opposite the radar, the narrow-angle antennas’ power 
increase is about 10 dB (which corresponds to the theoretical difference in power gain 
of the antennas used). However, with the increase in the angle of the beam, the supremacy 
decreases, and at about 10° the signal-to-noise ratio for both antennas is comparable. For 
the points away from the radar axis by more than 10°, the signal echo strength is greater 
for wide-angle antennas.
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Figure 5.48. Selection of the points for analysis from Position 2

Figure 5.49. Graph of the differences in the returning signal strength recorded with different antennas 
from Position 2

5.7. Testing of range resolution

Another parameter, important from the point of view of the IBIS system surveying ca-
pabilities, is range resolution ΔR. Its maximum value is 0.5 m, however, it is related to the 
reduction of other operating parameters in the dynamic mode (maximum range and sampling 
rate) due to limitations resulting from the SFCW modulation used in the radar (Fig. 4.16).
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The value of the resolution ΔR means that the observed space is divided into intervals 
of the width ΔR (numbered with integers as shown in Figure 5.50), which are separated from 
each other with spheres having a radius which is a multiple of ΔR. In a single range, there can 
be a single point observed by the radar.

Figure 5.50. The method of numbering rangebins

In order to verify if it is possible to independently observe points located in the neighbor-
ing ranges of the width ΔR, a field experiment was conducted. Three elements which should 
reflect the radar beam in a similar manner were placed in the space observed by the radar. 
Reflective elements were aluminum angle plates measuring 2 m × 4 cm × 4 cm, treated as 
dihedral radar reflectors (Tab. 5.1). Two of them remained in the same position during the test 
(Points 1 and 2 in Figure 5.51), while the position of the middle one was changed as shown 
in Figure 5.51 (Positions 11 to 15). The angle plates were turned with their inner walls in the 
direction of the radar, and they were stabilized in the upright position by being driven into 
the ground (Fig. 5.52). For each setting, all the three points were in separate ranges of the 
width ΔR = 0.5 m.

Figure 5.51. Method of stabilizing the reflective elements during the radar resolution test

Two tests were carried out – with setting the radar at a distance of approximately 30 m 
and approximately 45 m from the reflective elements. The range profiles recorded for both 
tests are shown in Figures 5.53 (the whole observed scene) and 5.54 (enlarged fragments). 
Immovable elements 1 and 2, distant from each other by 1.5 m, during each test were observed 
in the same rangebin (Rbin57 and Rbin60 in the first test; Rbin90 and Rbin93 in the second 
test). The intermediate target, the location of which was changed as shown in Figure 5.54, 
changed the interval (from Rbin58 into Rbin59 in the first test, and from Rbin91 into Rbin92 
in the second test) with its movement farther away from the IBIS-S radar.
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Figure 5.52. Method of stabilizing the reflective elements during the range resolution test

Figure 5.53. Range profile of the scene during resolution tests with the radar set at a distance of: a) about 
30 meters; b) about 45 meters – from the reflective elements

In Figure 5.54a, Elements 1 and 2 (Rbin57 and Rbin60) are clearly visible, and the shape 
of the graph changes almost according to the position of the midpoint. Only for Position 13, is 
power decrease in Rbin59 too weak. The graph in Figure 5.54b is correct for Positions 11 and 
12. In Positions 13 to 15 a very strong return signal from the midpoint, which was relocated 
from Rbin91 to Rbin92, was observed. This makes it difficult to identify Elements 1 and 2 
(Rbin90 and Rbin93). Any range profile disturbances, seen in Figure 5.54, may be due to the 
multipath signal effect, subject to multiple reflections from the observed elements.

The experiment was to check whether excitation of vibration in each element separately 
would allow the observation of three independent vibration charts. The results which were 
obtained during the excitation of vibrations in each of the reflective elements are described 
in a qualitative manner (Tab. 5.9). 
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The following notations have been used:
– the letter “A” marked the observation of element vibration which is not subject to dis-

turbances;
– the letter “B” marked the observation of element vibration for which several cycle slips 

were observed;
– the letter “C” marked the observation of element vibration for which multiple cycle slips 

were observed;
– the symbol “*” marked seeming vibration of the reflective element in the period in which 

it was not subjected to any vibrations, observed during oscillations of the neighboring 
elements.

Figure 5.54. The intensity of the signal reflected from the reflective elements for different positions 
of the midpoint (11 to 15) with the radar set at a distance of: a) about 30 m; b) about 45 m – from the 

reflective elements

Table 5.9 
Qualitative description of the test results (excitations illustrated in Figures 5.55 to 5.58 were 

marked in gray)

Distance 
from radar

Midpoint 
location

Rangebin number for Vibration description for

point 1 midpoint point 2 point 1 midpoint point 2

30 m

11

57

58

60

B* A* A

12 58 A B* A

13 58 A B* A

14 58 B B* B

15 58/59 A C* B

45 m

11

90

91

93

C* B* B

12 91 C* B* B

13 91/92 C A A

14 91/92 C* A C*

15 92 C B C*
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Figures 5.55 to 5.58 present the results of four experiments representing all the cases 
of the observed vibrations. In Table 5.20 these cases are marked in gray.

The graphs shown in Figure 5.55, recorded by the radar from a distance of 30 m, indicate 
a proper recording of the induced vibrations, respectively for each item. For Point 1 (Rbin57) 
the graph shows phase cycle slips during excitation. In addition, Points 1 and 11 (Rbin57 
and Rbin58, spaced by 30 cm) show little movement during the excitation of vibration of the 
neighboring point, despite the fact that, at that time, they were stable. The image of Point 2 
behavior (Rbin60) is consistent with the experiment.

Figure 5.55. Vibrations recorded from a distance of 30 m, set at 30 + 120 cm

After moving the intermediate target from Position 11 to 13, Point 1 (Rbin57) does not 
reveal the presence of any disturbances. Instead, they occurred for Point 13 (Rbin58) in the 
form of several cycle slips (Fig. 5.56). Point 2 (Rbin60) is not affected by the midpoint, and 
shows only real movement at the time of excitation.

Figure 5.56. Vibrations recorded from a distance of 30 m, set at 50 + 100 cm
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After moving the reflective elements to a distance of 45 m from the radar, there were 
problems with the observation of Point 1 (Rbin90). As shown in Figure 5.57, vibration graphs 
have too small amplitude and are rather influenced by the neighboring points as they reflect 
the actual displacement. The movement of Midpoint 13 for such an arrangement of the targets 
is imaged by two identical graphs of the points – Rbin91 and Rbin92, which may be indicative 
of the fact that the reflective element was found on the border of the ranges of the width ΔR. 
Point 2 (Rbin93) behaves as expected and is not influenced by the earlier points.

Figure 5.57. Vibrations recorded from a distance of 45 m, set at 50 + 100 cm

Figure 5.58 presents the results obtained for the last configuration of the reflective targets, 
where the midpoint is located at about 70 cm from Point 1 and 80 cm from Point 2. The graphs 
present, as in the previous case, the problems with identifying Point 1, which does not show 
real movement during the excitation. Midpoint 15 (Rbin92) is not influenced by the neighbor-
ing points, but on the chart of its vibrations, the cycle slip is visible. In contrast to the previous 
configurations, Point 2 (Rbin93) is influenced by the midpoint – it shows seeming movement, 
although it was a stable target. However, the image of vibrations of this point are just chaotic 
phase cycle slips. These disturbances may be due to the relatively close location to the midpoint.

Figure 5.58. Vibrations recorded from a distance of 45 m, set at 70 + 80 cm
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The presented test allowed the behavior of the midpoint (11 to 15) between the two 
reflective elements to be observed. Distance changes from the extreme points allowed the 
observation of disturbances of the recorded vibration waveforms.

The conducted field tests confirmed the maximum range resolution of the radar 
ΔR = 0.5 m. In most cases, for the points that strongly reflected the signal, the observed vibra-
tion waveform was consistent with reality. There were, however, difficulties with identifying 
the points located on the borders of the range bins of the width ΔR (e.g. Rbin91/Rbin92 in 
Figure 5.57). In addition, the occurrence of the phenomenon of a cycle slip was noted, which 
is revealed by large-amplitude vibrations, and the disturbances of recorded vibrations, prob-
ably due to the multipath signal effect.
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6. Evaluating the accuracy 
of the IBIS interferometric radar

Przemysław Kuras

6.1. Introduction

Before using an interferometric radar for displacement surveys of real structures, it is 
necessary to check its accuracy. For this purpose, field experiments were conducted involving 
simultaneous surveying of changes in the position of the observed point by two devices: the 
microwave interferometric radar and the comparative instrument. The measured displacement 
values were marked as di, and the differences between their values, determined using two 
instruments, as δi = di1 – di2.

The main parameter used to evaluate the accuracy, assuming the execution of pairs 
of observations (Wędzony, 1990), is the root mean square error, assuming equally accurate 
observations:

s
n

i= ∑ δ2

 (6.1)

where: 
 n – number of samples.

Another measure of diversity, more outlier-resistant, is the average absolute deviation:

D
n

i= ∑ δ
 (6.2)

The maximum difference value can indicate the existence of the outliers:

δ δmax = max i , (6.3)

and the incompatibility of the two surveying methods (systematic error) occurs when the 
average value is a non-zero value:

δ
δ

av = ∑ i

n
 (6.4)

The values di1 and di2 for evaluating the accuracy of displacement surveys were deter-
mined in several experiments described in this section. The way they were determined was 
different each time. In most of the tests, specially prepared test bases were used in the form 
of mechanical constructions, allowing the displacement of a moving element of the base to be 
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determined and, in some experiments, the displacement survey was performed on a real bridge 
structure. In all the cases, the displacements were determined using the IBIS interferometric 
radar and the reference method. In the final part of the section, on the basis of recording dy-
namic displacements, the analysis of accuracy of determining vibration frequencies using the 
IBIS radar in relation to the reference instrument was conducted.

6.2. Verification of the displacement survey accuracy 
using the IBIS-S system

6.2.1. Comparison with a laser interferometer
In the experiment, a high-precision instrument was used – a laboratory Agilent HP 5529A 

laser interferometer, discussed in Section 3.4.3.5. The accuracy of this device is presented in 
Table 6.1.

The experiment could not be performed in a laboratory because of the inadequacy of the 
IBIS interferometric radar to work in a closed space. Numerous reflections inside the labora-
tory, causing the signal multipath effect, made it impossible to interpret the results.

Table 6.1 
The accuracy of distance surveying using an Agilent HP 5529A laser interferometer 

(Agilent Technologies, 2001)

Temperature range
Distance surveying accuracy

in the atmosphere in the vacuum

20±0.5 °C ±1.5 ppm ±0.1 ppm

15÷25 °C ±1.7 ppm ±0.1 ppm

0÷40 °C ±3.0 ppm ±0.1 ppm

Comparative surveys were carried out in an open, flat area. The displacements were 
performed on the test basis, which was a trolley moving in the direction of the horizontal 
straight rail (Fig. 6.1). On one side of the trolley a radar reflector was placed, facing the IBIS-S 
interferometric radar, and on the opposite side – the retroreflector reflecting a beam sent by 
the Agilent HP 5529A laser interferometer.

The IBIS-S interferometric radar was set at the distances of 30, 60, 100, 200, 400 and 
600 meters from the radar reflector in order to test the effect of working range on the accuracy 
of surveys (Fig. 6.2). The displacements of the trolley were measured by the two instruments 
which were located on the extension of the movement direction of the reflectors observed 
through them. Misalignment of the laser interferometer hindered its operation, hence its set-
ting required due diligence. The errors related to the interferometric radar setting misalign-
ment were eliminated by surveying its position relative to the radar reflector and making 
appropriate corrections to the measured values at the stage of result processing.
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Figure 6.1. Arrangement of the instruments in testing the accuracy of an interferometric radar

Figure 6.2. Sketch of the instrument arrangement during accuracy testing 

During the test, the maximum range resolution of the interferometric radar equal to 0.5 m 
was adopted for the precise identification of the reflector on the range profile. Range profiles 
recorded at each radar position, together with arrows indicating the reflections from the re-
flector, have been presented earlier in Figure 5.6.

An example implementation of the trolley displacements with respect to the interfero-
metric radar is illustrated in Figure 6.3. The decrease in values on the chart during the test 
represents the reflector approaching the radar, however, the values were later assumed with 
the opposite sign (plus) to compare them with the readings from the laser interferometer.

Figure 6.3. Trolley displacements for one interferometric radar position
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At each position, the radar recorded analogous displacements. The vertical sections 
of the chart represent the movement of the trolley. The horizontal sections indicate the time 
intervals in which the reflector was stable. The reflector was stopped for several seconds.

The accuracy of the readings performed with the Agilent HP 5529A laser interferometer 
was calculated on the basis of Table 6.1. During the test, the distance between the interferom-
eter and the retro-reflector did not exceed 2 meters. Hence, the accuracy of a single displace-
ment was not less than mm,0085.02m2ppm0.3   assuming the most unfavorable 
changes in temperature. For the purpose of the described test, the surveys conducted with this 
instrument could be considered to be error-free.

Table 6.2 compares the displacements recorded by the IBIS-S interferometric radar and 
the Agilent HP 5529A laser interferometer. A single value of the displacement di was calcu-
lated as the difference between the current and the previous position of the reflector. Dis-
placement differences were calculated as: δ = dIBIS – dHP. Omissions contained in Table 6.2 are 
due to strong disturbance of the echo signal observed from the two farthest positions, which 
prevented the calculation of the reflector displacement.

Table 6.2
Comparison of displacements observed by the IBIS-S radar and the Agilent HP 5529A interferometer 

a) Radar at a distance
R = 30 m

b) Radar at a distance 
R = 60 m

c) Radar at a distance 
R = 100 m

dIBIS

[mm]
dHP

[mm]
δ

[mm]
dIBIS

[mm]
dHP

[mm]
δ

[mm]
dIBIS

[mm]
dHP

[mm]
δ

[mm]

2.95 3.17 –0.22 1.50 1.51 –0.01 2.32 2.39 –0.07

8.38 8.45 –0.06 9.97 10.15 –0.18 9.07 9.07 –0.01

36.90 36.72 0.18 40.10 39.90 0.19 39.33 39.40 –0.07

93.40 93.33 0.06 80.00 79.93 0.06 101.44 101.38 0.06

358.11 358.12 –0.02 120.53 120.64 –0.11 99.96 99.94 0.02

501.02 500.75 0.26 247.67 247.77 –0.10 247.86 247.96 –0.10

–1000.76 –1000.55 –0.20 478.26 478.11 0.15 476.28 476.13 0.15

1.47 1.50 –0.03 –978.01 –978.02 0.00 –976.27 976.33 0.01

9.85 9.99 –0.15 1.87 1.95 –0.08 1.68 1.57 0.11

38.71 38.59 0.12 8.24 8.16 0.08 9.99 9.97 0.02

106.19 106.10 0.08 42.61 42.45 0.16 40.96 41.07 –0.12

340.96 340.98 –0.03 95.98 96.06 –0.09 96.42 96.45 –0.04

503.78 503.58 0.20 103.48 103.50 –0.02 103.19 103.09 0.09

247.80 247.87 –0.07 247.31 247.41 –0.11

463.57 463.36 0.21 494.62 494.38 0.24
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d) Radar at a distance 
R = 200 m

e) Radar at a distance 
R = 400 m

f) Radar at a distance 
R = 600 m

dIBIS

[mm]
dHP

[mm]
δ

[mm]
dIBIS

[mm]
dHP

[mm]
δ

[mm]
dIBIS

[mm]
dHP

[mm]
δ

[mm]

1.35 1.61 –0.26 1.89 1.89 0.00 2.14 2.26 –0.12

12.42 12.42 –0.01 12.37 12.25 0.11 10.40 10.45 –0.05

40.34 40.06 0.29 41.70 41.69 0.01 39.97 39.94 0.03

92.18 92.27 –0.09 92.77 92.93 –0.16 93.98 94.24 –0.26

106.31 106.40 –0.10 103.44 103.39 0.05 · 105.33 ·

246.75 246.79 –0.05 247.34 247.82 –0.48 · 247.77 ·

476.27 475.88 0.39 · 486.10 · · 477.32 ·

–975.62 975.44 –0.17 · 986.08 · · 975.86 ·

2.72 2.83 –0.11 1.72 1.83 –0.11 1.90 1.97 –0.07

9.76 9.88 –0.12 10.61 10.89 –0.28 10.24 10.38 –0.14

43.01 43.08 –0.07 40.97 40.55 0.42 41.88 41.92 –0.04

92.29 92.06 0.23 96.36 96.40 –0.04 · 91.96 ·

104.33 104.32 0.01 101.65 101.41 0.25 · 104.51 ·

248.14 248.12 0.02 · 248.88 · · 247.83 ·

482.16 481.92 0.24 · 481.94 · · 478.49 ·

Assuming the displacement correctness dHP, δ values should be subject to the influence 
of random errors of the IBIS-S interferometric radar. Table 6.3 summarizes the results of as-
sessing the radar accuracy, calculated according to the equations (6.1–6.4), separately for each 
radar position and collectively.

Table 6.3 
Results of the IBIS radar accuracy compared with the Agilent HP 5529A laser interferometer

Distance of the radar 
from the refl ector 30 m 60 m 100 

m
200 
m

400 
m

600 
m total

Root mean square error, s [mm] 0.14 0.12 0.11 0.19 0.21 0.09 0.11

Average absolute deviation, D [mm] 0.11 0.10 0.08 0.14 0.15 0.05 0.06

Maximum difference, δmax [mm] 0.26 0.21 0.24 0.39 0.48 0.26 0.48

Average difference, δav [mm] 0.02 0.01 0.01 0.01 –0.02 –0.09 0.00

Table 6.2 cont.
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The results of the test show that the accuracy of the displacement survey using the IBIS 
interferometric radar, determined by comparison with a laser interferometer, is 0.11 mm. Thus, 
the accuracy of 0.1 mm given by the manufacturer has been proved. The average difference 
values δav do not indicate the existence of a systematic error in the experiment. In addition, 
the effect of the distance between the reflector and the radar on the accuracy evaluation is un-
noticeable, however, for the greatest distance between the radar and the reflector, the surveys 
are not always possible due to signal disturbances.

6.2.2. Surveys using a precision total station 
and reference reflector

A comparative test performed using the Agilent HP 5529A laser interferometer did not 
take into account weather conditions, which could vary during the survey and interfere with 
the observations. To eliminate the effects of variability of these conditions, another experiment 
was conducted, in which the IBIS-S radar observed the changes in the position of the moving 
reflector and the position of the immovable one (reference reflector), located approximately 
10 m away. Recording seeming displacements of the reference reflector and subtracting them 
from the moving reflector will be used to eliminate the variable disturbing effects, similarly 
influencing the signals reflected from the two reflectors.

In order to reduce interference resulting from the multipath signal effect, the survey was 
carried out on a straight section of the river levee. In addition, elements of the test base, where 
the radar reflectors were located, were covered with attenuating material. The displacements 
were measured simultaneously by two instruments, a precision total station and an IBIS-S 
interferometric radar. The instruments were positioned on the extension of the movement 
direction of the reflectors observed through them (Fig. 6.4). The errors related to the setting 
misalignment of both instruments were eliminated by surveying their position relative to the 
observed reflectors and by making appropriate corrections to the measured values at the stage 
of result processing. The radar reflector observed by the IBIS-S radar was facing in the oppo-
site direction to the electronic distance meter (EDM) reflector, whose position was measured 
using a total station (Fig. 6.5).

Figure 6.4. Diagram of the arrangement of the devices in the displacement survey precision test

In the test, a Leica Wild TC2002 total station was used, with a high precision of dis-
tance surveying (U.S. Army Corps of Engineers, 2002). The instrument used in test surveys, 
along with a precise Leica GPH1P EDM reflector, was subject to calibration tests on the test 
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base. Given the constant component error equal to ±0.07 mm, it can be concluded that the 
accuracy of the displacement survey while using this instrument is approximately 0.1 mm.

An interferometric radar was set at distances of 30, 60, 100, 200 and 400 m from the 
moving reflector. During the test, the maximum radar range resolution of 0.5 m was used in 
order to precisely identify the reflectors on the range profile. The range profiles recorded at 
each radar position have been shown in Figure 5.8. Reflections from the reflectors are marked 
with arrows.

Figure 6.5. Test base to examine displacement surveying accuracy

Figure 6.6a presents an example of displacements of the trolley relative to the interfer-
ometric radar. The decrease in the values during the test represents the reflector approaching 
the radar. Further, the values were adopted with the opposite sign (plus) in order to achieve 
compliance with the readings on the total station.

At each position, the radar recorded analogous displacements. The slant sections of the 
graph represent the movement of the reflector. The horizontal sections indicate the time in-
tervals in which the reflector was stopped. The reflector was stopped for several seconds. 
In Figure 6.6b, which is a magnified part of Figure 6.6a (black dashed frame), the seeming 
movement of the reference reflector can be observed (blue), resulting from the disturbance 
of the echo signal. The impact of the same disturbance is also noticeable in the time intervals 
in which the moving reflector (red) was stopped (for example, in the interval of 130–150 s). 
The green color marked changes in the position of the moving reflector, corrected for the 
seeming displacements of the reference reflector.

Evaluation of the interferometric radar accuracy was based on the comparison of dis-
placements determined with its use (dIBIS_mov) and the total station (dTC) as a comparison in-
strument. The seeming displacement of the reference reflector (dIBIS_ref) was recorded as well. 
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The following displacement differences were calculated:
– for the moving reflector relative to the total station: 

δ = dIBIS_mov – dTC, (6.5)

– for the corrected moving reflector relative to the total station:

δ’ = (dIBIS_mov – dIBIS_ref) – dTC.  (6.6)

Figure 6.6. Displacements during interferometric radar accuracy tests: a) the total recording time; 
b) correction of the moving reflector position by the seeming movement of the reference reflector

The calculation results for all the radar positions are presented in Figure 6.7 – a set 
of observations (dTC, δ) in Figure 6.7a, and (dTC, δ’) in Figure 6.7b. The lines y = ax + b 
have been fitted into these sets of observations, based on the calculation of linear regression 
parameters.

Figure 6.7a shows the impact of disturbing factors on the results of displacement surveys, 
using the IBIS radar. In Table 6.4 it is expressed using linear regression parameters.
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Figure 6.7. Charts of the differences between the displacements recorded by the IBIS radar and the 
TC2002 total station with fitted regression lines: a) δ – without taking into account the atmospheric 

correction; b) δ’ – including the atmospheric correction

Linear regression parameters a = 0.32 ± 0.14 mm/m and b = –0.05 ± 0.05 mm, which were 
calculated taking into account the atmospheric correction, do not indicate the existence of a sys-
tematic error. Thus, to assess the accuracy of the IBIS radar, a set of values δ’ was adopted. 
Table 6.5 presents the results of accuracy assessment, calculated on the basis of the conducted 
test, according to the equations (6.1–6.4) for each radar position separately and cumulatively.

In the described experiment, the obtained results for assessing the accuracy of displace-
ment surveys were worse in comparison with the results of the tests described in Section 
6.2.1 (Tab. 6.3). However, this value was obtained during the field test, so that the accuracy 
evaluation results can be affected by outliers, as may be indicated by the values obtained from 
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the radar position at the distance of 60 m from the reflector. In addition, the accuracy of the 
reference instrument may also influence the outcome – the Leica Wild TC2002 total station is 
not such an accurate reference instrument as the Agilent HP 5529A laser interferometer. Nev-
ertheless, the test which used the reference reflector shows a significant effect of interfering 
(atmospheric) factors on the accuracy of the displacement surveys when using the IBIS radar, 
and points to the need for stable reference reflectors during the surveying.

Table 6.4
Results of linear regression on the sets (dTC, δ) and (dTC, δ’)

R [m]

Without atmospheric correction With atmospheric correction

a ± ma

[mm/m]
b ± mb

[mm]
a ± ma

[mm/m]
b ± mb

[mm]

30 0.42 ± 0.16 –0.09 ± 0.04 0.14 ± 0.14 –0.05 ± 0.03

60 1.13 ± 0.29 0.15 ± 0.07 0.85 ± 0.12 0.13 ± 0.03

R [m]

Without atmospheric correction With atmospheric correction

a ± ma

[mm/m]
b ± mb

[mm]
a ± ma

[mm/m]
b ± mb

[mm]

100 0.69 ± 0.23 –0.08 ± 0.06 0.22 ± 0.11 –0.05 ± 0.03

200 3.02 ± 0.94 0.48 ± 0.23 –0.05 ± 0.21 –0.11 ± 0.05

400 0.43 ± 0.57 –0.49 ± 0.14 0.23 ± 0.10 –0.16 ± 0.03

Weighted mean: 0.64 ± 0.19 –0.06 ± 0.07 0.32 ± 0.14 –0.05 ± 0.05

Table 6.5
Results of the accuracy of the IBIS radar compared with the Leica Wild TC2002 total station

Distance of the radar 
from the refl ector 30 m 60 m 100 m 200 m 400 m

All
sta-

tions

All stations 
without 

60 m

Root mean square error, 
s [mm] 0.11 0.32 0.09 0.20 0.15 0.19 0.15

Average absolute deviation, 
D [mm] 0.09 0.26 0.07 0.16 0.14 0.14 0.12

Maximum difference, 
δmax [mm] 0.24 0.59 0.26 0.40 0.30 0.59 0.40

Average difference, δav [mm] –0.03 0.26 –0.02 –0.12 –0.13 –0.01 –0.07
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6.2.3. Comparison with the laser vibrometer

The above-described tests, verifying the accuracy of determining displacements using 
the IBIS-S set, were carried out on specially prepared test bases. This section contains the 
results of an experiment that was conducted on a bridge structure, as it is typical for surveys 
using an interferometric radar. During the test, a span of the tram steel viaduct was observed, 
with operational loads (span deflections caused by passing trams). The span was 28.5 me-
ters long and located about 6 meters above the ground. The surveys were carried out with 
two measuring systems. One was the IBIS-S radar system, the other – the Polytec RSV-150 
vibrometer, discussed in Section 3.4.3.5. The test assumed that the vibrometer measurement 
and the result obtained is the reference for the displacements determined with the IBIS-S 
interferometric radar. The vibrometer performed the surveys directly to the structure, while 
the IBIS-S radar – to the reflector mounted on the span at a position consistent with the point 
observed by the vibrometer (Fig. 6.8). The IBIS-S instrument used an IBIS-ANT4 antenna 
(23.5 dBi). The instruments conducted observations with the sampling frequency of 256 Hz 
(the vibrometer) and 200 Hz (the IBIS-S radar).

Figure 6.8. View of the observed structure during the tests

The surveying was performed at three different positions of the measuring units, relative 
to each other and to the structure (Fig. 6.9).

In the first position (P1), both units were set under the span, at one of the pillars of the 
bridge. In this position, both units observed the center of the span from the same place (with-
in the physical limits of approximating the units to each other), and at a very similar zenithal 
angle. By implementing the surveys in such a position, information was obtained about the 
consistency of the radial displacement values determined by two independent surveying 
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systems (dr and drv) in a typical geometric configuration for conducting field observations 
of bridge spans.

In the second position (P2), the interferometric radar was left at the pillar, and the vi-
brometer was set at the mid-point of the span, located as close as possible and in line with 
the reflector installation. In this position, the vibrometer in the upright position, observed 
directly the vertical value of the span displacement (drv = d), and the IBIS-S – the value of the 
displacement in the radial direction (dr). Such an arrangement of the units allowed the actual 
value of the vertical displacement to be obtained, which enabled the author to assess the im-
pact of the geometric reduction of the radial displacement obtained with the IBIS-S system 
on the vertical displacements.

Figure 6.9. Scheme of the surveying cases P1, P2, P3

In the third position (P3), the two units were set at the mid-point of the span to observe 
the displacement in the vertical direction (dr = drv = d, in Figure 6.9).
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In all the surveying positions, tram passage was recorded, which took place both along 
the track closer to, and farther from, the observation point. This was a result of the direction 
of the tram passage. Further in this section, to distinguish the direction of the tram passage, 
the closer track was denoted as T1, and the farther one – as T2 (Fig. 6.9). Direction of the 
passage was revealed in the shape of the graph of the observed point’s displacements in 
the span in time, and its value.

Figure 6.10. Range profile recorded by the IBIS-S from: a) P1 and P2; b) P3

In all the surveying positions, a total of 25 runs were recorded (P1 – 7, P2 – 9, P3 – 9). 
The range profiles of the structure obtained from P1, P2 and P3 are shown in Figure 6.10. In 
both profiles, the signal reflected from the reflector has a clear response in the profile (dis-
tinctive peaks on the graph) with very high SNR, greater than 80 dB. Based on the analysis 
of the signal reflected from the microwave reflector, the values of its displacement in time 
were obtained. Figure 6.11 summarizes example charts of the displacements in time of the 
observed point of the span for the two surveying units in all the positions, P1-P3.

In the case of P2, comparing the results between the two systems was only possible 
after reducing radial displacements recorded by the IBIS-S unit into vertical displacements. 
The reductions were implemented based on the spatial positions of the IBIS-S unit and the 
microwave reflector, which were determined by surveying. As reference points of the radar –
microwave reflector position, a central point of the IBIS-S casing front panel was adopted, 
as well as the deepest point on the reflector. This resulted in the value of a projection factor 
d/dr equal to 2.558. Figure 6.12 presents a chart of the corrected displacements of the observed 
span point, determined using the IBIS-S system, in relation to the vertical displacements 
determined with the vibrometer.

In order to assess the consistency of displacement values of the observed point of the 
span recorded with the IBIS system (dIBIS) in relation to the surveys conducted with the vi-
brometer (dvibr), the minimum and maximum displacement values obtained during a com-
plete passage of each tram and their spread were determined and compared with each other 
(δ = dvibr – dIBIS). For the maximum and minimum displacement values obtained in each of the 
positions, P1-P3, basic statistics described in the introduction to this section were calculated. 
The results are summarized in Table 6.6.
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Figure 6.11. Chart of the displacements of the observed point of the span in time: a) Position P1; 
b) Position P2; c) Position P3

Figure 6.12. Chart of the displacements of the observed point of the span in time for P2 with correcting 
the observations from the IBIS-S system
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Based on the analysis of the summarized displacement values obtained in the test, the 
following conclusions were formulated:

– Both instruments when observing the displacements in the same directions, P1 radially 
and P3 vertically (the real deflection value), obtained the maximum difference value 
(δmax), which was not greater than 0.08 mm for P1 and 0.09 mm for P3. The root mean 
square error of measurement was 0.04 mm for P1 and 0.05 mm for P3. The compliance 
of the surveys between the instruments is confirmed by the calculated average difference 
δav equal to –0.01 for P1 and 0.00 for P3. This result proves that, for observations with 
the IBIS-S system in real conditions and using a microwave reflector, it is possible to 
achieve radial displacement accuracy of less than 0.1 mm.

– If the two systems observed a different displacement component of the same point on 
the structure (P2 position: IBIS – a radial one, vibrometer – a real vertical one), the 
maximum displacement value determined with either of the systems even reached a dif-
ference of 0.47 mm. The root mean square error between the methods was 0.25 mm. The 
average difference value δav equal to –0.16 mm proves that, at this surveying position, 
the compliance of the displacement surveying results for both methods was not achieved. 
Taking into account the above-formulated conclusion for P1 and P3, the reasons for 
accuracy decrease in the case of P2 lies in the precision (unambiguity) of determining 
the projection factor reducing the value of the radial displacement determined with the 
IBIS-S radar into the vertical value.

6.3. Verification of the displacement survey accuracy 
using the IBIS-L system

In addition to testing the accuracy of the IBIS-S system, it is also important to verify the 
mean error of the survey carried out by the set used for the monitoring of spatial structures, 
such as dams or landslides, i.e. the IBIS-L system.

In order to eliminate the effect of reflected signal multipath, test surveys were carried 
out in a flat area. The rail of the IBIS-L system was installed on a construction of concrete 
blocks with fixed anchor bolts. In order to minimize any reflections from the ground surface, 
the radar unit was placed on an additional structure increasing the height of the radar above 
the rail (Fig. 6.13). At a distance of about 222 meters from the position of the radar, a reflector 
was placed attached to a specially designed guide bar which enabled it to move in the direc-
tion of the interferometer (Fig. 6.14). Displacements of the reflector were observed with the 
IBIS-L system, as well as using an electronic caliper (see Section 3.4.3.1), whose readings 
were recorded with the use of specially developed software running on a PC. The limit error 
of the displacement survey using an electronic caliper is 0.02 mm which, taking into account 
the declared interferometer accuracy of 0.1 mm by the manufacturer, is sufficient for use as 
a reference unit. For the purpose of eliminating the adverse radar wave reflection from the 
surface of the tripod, for the time of the surveys they were covered with attenuating material, 
the use of which significantly improved the quality of the signal reflected from the reflector 
(see Section 5.3.1). In order to determine the effect of the external condition gradient on the 
displacement surveys, two additional microwave reflectors were used, placed 8 meters behind 
and in front of the moving reflector (Fig. 6.13).
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Figure 6.13. Visibility of the test platform from the position of the IBIS-L system

Figure 6.14. Displacement survey test platform

During the survey, a narrow-angle IBIS-ANT4 antenna of 23.5 dBi gain was used, thanks 
to which possible reflections from the structures, which would be found in a wide area illu-
minated by the radar, were limited. In addition, the surveying range was set to 300 m and the 
maximum resolution to 0.5 m (for easier distinction between the targets). During the tests, 
a total of 26 surveys were carried out at different positions of the moving target. Due to the 
problem of the signal phase ambiguity, one of the reflectors was moved by a value not greater 
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than the maximum determinable displacement which amounted to one quarter of a wave-
length (4.36 mm). An averaged map of the return signal echo recorded during the survey is 
shown in Figure 6.15 and the magnification of the microwave reflectors arrangement is shown 
in Figure 6.16.

Figure 6.15. Thermal map of the reflected signal echo for the position of the radar

Figure 6.16. Location of microwave reflectors on the thermal SNR map

In order to conduct a reliable assessment of the accuracy, it was necessary to obtain 
a strong signal, which was not distorted by a large measurement noise. Based on the collect-
ed observation data, the basic characteristics of the wave reflected from the reflectors were 
determined and are summarized in Table 6.7.

All the determined parameters prove that the survey was carried out correctly. Only the 
moving point phase stability is questionable, but it results from the change in the recorded 
phase value after each movement of the reflector.

The development of the surveying data began by analyzing the behavior of the control 
points during the test. After their correct location, the displacement values of both points were 
determined and presented in the form of a graph (Fig. 6.17). The displacement values seem-
ingly indicate a movement of the reflectors towards the interferometer, eventually reaching 
a value of 1.2 mm. This movement could be due to instability of the surveying tripods, to 
which they were attached, if the two points were not moving in the same manner.
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Table 6.7 
Characteristics of the signal reflected from the radar reflectors

Point X [m] Y [m] Thermal 
SNR [dB]

Estimated 
SNR [dB] Coherence Phase 

Stability

Moving point 0.0 214.4 56.6 24.9 0.98 2.62

Ground control 
point no. 1 –4.8 222.4 67.4 35.7 0.99 34.19

Ground control 
point no. 2 6.3 206.3 56.6 29.0 1.00 24.95

Figure 6.17. Seeming displacements of ground control points

The high displacement correlation (89%) of both points (Fig. 6.18) proves that seeming 
displacements are the result of the gradient of meteorological parameters during the sur-
vey. As shown in Section 5.2, even a small difference in air humidity changes the velocity 
of microwave propagation in the atmosphere, which is closely related to the determined 
displacements.

In order to assess the stability of the two points during the survey, the focus should be 
solely on the change in the distance between the reflectors (Fig. 6.19). Assuming no systemat-
ic errors and the stability of the two points, the expected value of the displacement differences 
should be equal to 0.0 mm, with the observation spread at 0.1 mm. Analyzing the defined 
sample, the basic descriptive characteristics were determined. The mean value of the relative 
displacements was 0.005 mm with a standard deviation of ±0.051 mm. These values confirm 
the stability of the control points, no additional systematic errors (except the atmospheric 
impacts) and high surveying accuracy consistent with the characteristics specified by the 
manufacturer.
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Figure 6.18. Analysis of correlation between seeming displacements of ground control points

Figure 6.19. Relative displacements of control points

After each series of surveys carried out with an interferometer, the point located on the 
rail was moved towards the position of the radar. The displacement value was about 4 mm, 
and the exact value of the displacement was recorded using an electronic gauge. A chart of the 
recorded displacements is shown in Figure 6.20.

Based on the changes in the position of the reflector measured by radar interferometry 
and with an electronic gauge by Preisser, a graph was drawn which showed deviations of the 
determined displacements (Figure 6.21 – the red line). Analyzing the uncorrected displacement 
values, it can be noticed that there is the same trend as in the case of seeming movements of the 
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stable points (Fig. 6.17). In order to eliminate the impact of changing external conditions on the 
displacement values, the observations conducted for the control reflectors were used. 

Thus, the average model of displacement correction as a function of the distance from 
the radar position was determined:

αi
j i

j

i

r
r

=
Δ (6.7)

α
α

j
i
j

i

n

n
= =

∑
1 (6.8)

where: 
 Δri

j  – displacement of the i-th fixed point in the epoch j,
 ri  – distance to the i-th fixed point,
 αi

j  – atmospheric correction factor determined for the i-th fixed point in the epoch j,
 α j  – mean atmospheric correction factor determined for the j-th measurement epoch.

Figure 6.20. Displacements of the moving reflector

Based on the model of the atmospheric correction, data correction for the moving point 
was made according to the equation:

Δ Δr r rj j j
cor = − ⋅ α (6.9)

and the results reduced by its effect are shown in Figure 6.21 with the orange line. For this 
corrected data set, basic descriptive statistics were estimated and are presented in Table 6.8.
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Figure 6.21. Displacement deviations determined with the IBIS-L system

Tab. 6.8
Descriptive characteristics of a set of displacement deviations

Parameter Value

Average difference, δav [mm] 0.018

Root mean square error, s [mm] 0.054

Spread [mm] 0.192

Maximum difference, δmax [mm] 0.097

Assuming that the set of the observed displacements was reduced by the impact of sys-
tematic factors, deviation values should be consistent with a normal distribution N(0, 0.1). In 
order to verify the compliance of the conducted surveys with the manufacturer’s assurances, 
necessary statistical tests were carried out.

In the first step it was necessary to check the accuracy of the null hypothesis: the mean 
value of the displacement difference from the IBIS-L system and the reference device was 
equal to 0. For this purpose, one sample z-test was used in which standard deviation of the 
population is known (given by IDS). The value of the test statistics was calculated according 
to the equation:

z
s

n=
−

⋅ =
δ δav 0

0

0 937. (6.10)

where: 
 δav  – average value of the determined displacements,
 n   – number of observations,
 δ0  – assumed expected value δ0 = 0,
 s0  – theoretical value of standard deviation.
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Critical value for a normal distribution for the test significance level of 5% is 
Z0.975 = 1.960. Because z < Z0.975 at the confidence level of 95%, there is no reason to reject 
the null hypothesis.

Then, the compatibility of the determined standard deviation of a single survey was 
verified with the nominal value of the instrument with the use of a chi-squared test. The 
null hypothesis was assumed as H0: σ2 = (0.10 mm)2, and the alternative hypothesis as H1: 
σ2 < (0.10 mm)2.

χ2
2

0
2

1
7 287=

−( ) =
n s

s
. (6.11)

χ0 95 25
2 14 611. , .= (6.12)

Since χ2 < χ 20.95,25 at the 95% confidence level, the null hypothesis should be rejected, 
which suggests that the determined accuracy of the studied instrument is higher than the value 
claimed by the manufacturer.

6.4. Verifying the accuracy 
of determining vibration frequency

The IBIS system in the IBIS-S version can be used to test the dynamics of building struc-
tures. One of the basic parameters determined during the dynamic tests are the amplitude and 
frequency of vibration. Checking the surveying accuracy of the vibration amplitude (i.e. the 
displacements) was conducted in Section 6.2. The experiment described below was aimed at 
verifying the correctness of determining vibration frequency.

The study uses two surveying systems: the IBIS-S interferometric radar – as a compared 
instrument, and a Polytec RSV-150 laser vibrometer (see Section 3.4.3.5) – as a reference 
instrument. The observed dynamic phenomenon was bridge vibration. The arrangement of the 
instruments relative to the structure has been presented in Section 6.2.3. of the many record-
ed passages, the five most diverse in terms of spectral content of the recorded signals were 
selected for analysis. Two of them (Cases 1 and 5) are presented in Figure 6.22 as a chart 
of displacements of the observed point in time.

The amplitude spectra of the five analyzed cases of the dynamic loads, calculated with 
DFT, are shown in Figure 6.23. On the left there are the results obtained from the recording 
with the IBIS-S radar, and on the right – with the Polytec RSV-150 vibrometer. For the pre-
sented results to accurately describe the phenomena, the digital signal has not been modified 
with filters (except for the rectangular window).

Spectral resolution of the analyzed signals, i.e. the difference between the discrete fre-
quency values, for which amplitude spectra were determined, was as follows:

– 0.0078 Hz – for the IBIS-S radar,
– 0.0061 Hz – for the Polytec RSV-150 vibrometer.
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Figure 6.22. Examples of dynamic loads used to analyze the accuracy of determining vibration fre-
quency: a) Case 1; b) Case 5

 Table 6.9 depicts vibration frequencies determined from the recorded digital signals 
on the basis of their amplitude spectrum. The summarized values fIBIS and fvibr correspond to 
the maxima (peaks) presented graphically in Figure 6.23. Frequencies particularly visible in 
the spectrum have been marked in bold. The differences between them were denoted as δ. 
The values of the differences were also presented by comparing them with the value of the 
determined frequency δ/f (as f, fvibr values were adopted, determined with the reference 
instrument).

According to the information contained in Section 3.3, dynamic analysis requires the 
determination of vibration frequencies with an accuracy of 0.5% (ISO 4866:2010). Based on 
this requirement, the values δ/f were calculated, which pointed to the accuracy of determin-
ing frequency using the IBIS-S radar. In most cases, they do not exceed ±0.5%. The cases in 
which this value was slightly exceeded were marked in red. The values δ/f exceeding ±5% 
were not considered, as they mean that completely different frequencies were identified in the 
signals recorded with both systems.

Most cases of non-compliance occurred for the lowest vibration frequencies. This is due 
to the fact that for low frequencies the requirement to determine the accuracy of ±0.5% is par-
ticularly demanding, due to the spectral resolutions of the signals processed with DFT. More-
over, in the course of time, there is a small number of full cycles of the vibration components 
at low frequencies (e.g. waving resulting from static deflection), thus their accuracy is low.
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Figure 6.23. Amplitude spectra obtained in the study of the accuracy of determining vibration frequency 
for the five cases of the dynamic loads
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Table 6.9.
Results of comparing the amplitude spectrum determined using the radar and the vibrometer

fIBIS

[Hz]
fvibr

[Hz]
δ = fIBIS – fvibr

[Hz] δ/f
 

Load no. 1
 

0.3588 0.3594 –0.0006 –0.17%

0.6994 0.8750 –0.1756 –

2.950 2.953 –0.003 –0.10%

4.026 4.023 0.003 0.07%

4.726 4.719 0.007 0.15%

5.535 5.531 0.004 0.07%

Load no. 2
 

0.7359 0.7891 –0.0532 –

0.9731 1.125 –0.1519 –

2.938 2.922 0.016 0.55%

4.026 4.008 0.018 0.45%

4.738 4.734 0.004 0.08%

5.553 5.422 0.131 –

Load no. 3
 

0.6045 0.5938 0.0107 1.80%

1.294 1.305 –0.011 –0.84%

1.551 1.570 –0.019 –1.21%

2.253 2.242 0.011 0.49%

2.955 2.953 0.002 0.07%

4.091 4.055 0.036 0.89%

5.489 5.477 0.012 0.22%

Load no. 4
 

0.6045 0.7344 –0.1299 –

0.9525 1.023 –0.0705 –

1.978 1.992 –0.014 –0.70%

2.711 2.703 0.008 0.30%

2.955 2.953 0.002 0.07%

4.006 4.008 –0.002 –0.05%

5.569 5.570 –0.001 –0.02%

Load no. 5
0.3236 0.3203 0.0033 1.03%

2.943 2.945 –0.002 –0.07%
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The amplitude spectra in Figure 6.23 clearly show the vibration frequency equal to about 
2.95 Hz. This is probably the natural frequency of the bridge span, particularly visible after 
the termination of a static load in Case 5 (Fig. 6.22b). In addition, the presence of vibrations 
of the frequency of about 5.55 Hz is noticeable, but it is not visible in all the cases. Improving 
the clarity of the peaks in the spectrum amplitude is possible by using the appropriate window 
functions (e.g. Kaiser window).
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7. Surveying 
of static displacements and vibrations 
of bridge structures

Tomasz Owerko

7.1. Introduction 

The diagnostics of bridge structures calls for a reliable assessment of the structure’s 
condition and is a complex issue which requires a broad knowledge of the analyzed structure. 
The results of load tests are a particularly important source of information (Ryall, 2010). They 
are obtained on the basis of test loads or operational loads.

In Poland, test loads are carried out based on the following guidelines:
– Ordinance No. 35 (12 August 2008) of the General Director for National Roads and Mo-

torways. Recommendation for testing of road bridges under test load (GDDKiA, 2008),
– PN-S-10040:1999. Bridges. Concrete, reinforced concrete and pre-stressed concrete 

structures. Requirements and testing,
– PN-S-10042:1991. Bridges. Concrete, reinforced concrete and pre-stressed concrete 

structures. Design,
– PN-S-10050:1989. Bridges. Steel structures. Requirements and testing,
– PN-S-10030:1985. Bridges. Loads,
– PN-S-10052:1982. Bridges. Steel structures. Design.

Eurocodes are used as well, having been introduced in Poland with the national ap-
pendixes, in accordance with Appendix 1 to the Regulation of the Minister of Infrastructure 
of 12 March 2009, amending the Regulation on technical conditions to be met by buildings 
and their location.

Load tests are performed by an entity which is independent of the bridge contractor, and it 
ensures additional control before a building is declared ready to use. The results are forwarded to 
the appropriate government unit – the General Directorate for National Roads and Motorways.

With the exception of small, typical structures, all newly built and repaired bridges re-
quire testing under both static and dynamic test loads (GDDKiA, 2008). The basic structural 
assumptions which are checked under test loads are displacements of a structure, amplitude 
of vibrations (positive and negative), and the vibration frequency of a structure, as well as the 
degree of vibration damping. In order to test the existing structures and for acceptance tests 
of new objects, surveys can be performed. 

The ground-based radar interferometry technique can be applied to test bridges subjected 
to loads. During the stage of planning surveys, it is necessary to appropriately select an obser-
vation position. Taking into account that a radar only measures displacements in the direction 
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of wave propagation, the direction from the radar to the measured point should coincide with 
the direction of displacements (IDS, 2010b). Considering the real terrain conditions, i.e. water 
obstacles, transportation routes (Fig. 7.1), meeting this requirement is usually impossible. In 
such situations, it is possible to observe the radial component dr of the actual displacement 
vector d. The conversion of these values, however, requires assumption of the direction of the 
real displacement vector d. In the case of bridge structures, it usually is the vertical direction, 
but not always.

Figure 7.1. The conversion of radial displacement into the real one

In accordance with the equation:

d d
r
h

= r (7.1)

to convert the value dr into d, it is necessary to know the geometrical values r, h, α (Fig. 7.1). 
For this purpose, surveying techniques can be used. From a practical point of view, for low 
bridges with long spans, the ratio r/h = d/dr may equal several or even a dozen, which means 
that the observed component is small compared to the value being determined. In addition, 
how the accuracy of determining geometrical values r, h, α converts into the accuracy of de-
termining displacements should be considered. For this purpose, an analysis with the use 
of propagation of uncertainty was conducted. The error of the determined displacement d is:
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where: 
 mr – error of determining the distance to the observed point,
 mh – surveying error of the observed point height (mr = mh was assumed),
 mdr – error of the displacement survey in the radial direction.

Based on the information provided by the manufacturer (Pieraccini et al., 2004) and 
the results of the research presented in Chapter 6, the value of the error mdr was assumed as 
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0.1 mm. Errors in determining the values of r and h result from the surveying accuracy. The 
main difficulty is to identify the points observed by the radar. As shown in Figure 4.10, the 
points which most strongly reflect the signal at the intervals of the width ΔR are subject to 
surveying. The uniqueness of their determination, however, may be different.

Further analysis included three cases:
1. mr1 = mh1 = 0.5 m – this value was adopted for those points of the building structure for 

which it was difficult to determine the location of the reflecting points; their identifi-
cation was based solely on an analysis of the range profile with a resolution equal to 
a maximum of 0.5 m;

2. mr2 = mh2 = 0.2 m – this value was assumed for such points of a building structure which 
were its structural elements reflecting the radar beam (e.g. diaphragms), however, their 
exact indication was impossible (i.e. it is possible, but with an adopted accuracy of 0.2 m);

3. mr3 = mh3 = 0.05 m – this value was estimated for such points of a building structure 
which were indicated by using microwave reflectors, providing the most effective way 
of identifying the points.

The results of the analyses are shown in Figure 7.2. On the left, the results were col-
lected from the analyses carried out for the case of a sample radial displacement observation 
dr = 1 mm, and on the right – dr = 5 mm. The sequence of Figures 7.2a, 7.2b, 7.2c is consistent 
with the order of the three cases considered above mr = mh (0.5 m, 0.2 m, 0.05 m). The values 
presented using surface diagrams illustrate actual displacement error values md for bridges 
of different dimensions (r – on the horizontal axis, h – on the vertical axis).

Figure 7.2. Dependence of md on the values of dr, r, h and mr (mh): a) mr(mh) = 0,5 m; b) mr(mh) = 0,2 m; 
c) mr(mh) = 0,05 m

a)

b)

c)



195

The results summarized in Figure 7.2 show the impact of the dimensions of the studied 
bridge on the displacement error value md being determined. In the structures for which the 
ratio r/h (and at the same time d/dr) had a large value, the lowest accuracy was obtained. This 
is the case for low bridges with large span. For the most disadvantageous of the considered 
cases (h = 5 m, r = 200 m, mr1 = mh1 = 0.5 m), the determined actual displacement error values 
were ±5.7 mm and ±20.4 mm (for dr = 1 mm and dr = 5 mm, respectively). In such situations, 
it is particularly important to use radar reflectors, which increase the identification accuracy 
of the observed points.

On the other hand, in the case of bridge structures which have a low ratio of the span to 
height, the errors of the determined displacements, obtained analytically, can take the value 
of 0.1 mm, which is guaranteed by the radar manufacturer. The accuracy of md < 1 mm can 
be achieved, if the ratio r/h < 5.

7.2. Test loads 

7.2.1. Description of the test structure 
The structure for which the test loads were carried out is a cable-stayed bridge (Owerko 

et al., 2012). Its construction consists of four continuous spans with one non-symmetrical 
pylon and steel cables, formed in a fan shape. The designed span lengths are as follows: 
21.02 + 35.00 + 105.00 + 83.08 = 244.10 m (Fig. 7.3). Spans have a pre-stressed, slab-and-
-girder construction.

Figure 7.3. Longitudinal section of the bridge supporting structure subjected to test loads 
[Owerko et al., 2012]

The total width of the bridge is 13.30 m. A two-way roadway of 8.00 m in width (be-
tween kerb-stones) runs on the structure. The rest is the sidewalk surface with railings and 
traffic barriers.

The bridge supporting structure consists of two beams with a rectangular cross-section, 
connected with a bridge slab. The beams with a height of 2.03 m are 0.80 m wide. The slab 
strip has a variable thickness from 30 cm in the middle, to 38 cm at the anchorage, and 
5.50 m in width. The cantilevers on both sides have a reach of 3.02 m. The diaphragms have 
been designed in pillar axes and spans, including the places of the cable-stay anchorage. Spans 
I and II have been designed to be made of pre-stressed concrete (C35/45) and Spans III and IV 
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are cable-stayed. Suspension with cable-stays was made of bundles of strands 0.6”, protected 
against corrosion by the use of individual polythene strand covers and the injection of cement 
inside the casing pipe.

At the ends of the structure, monolithic reinforced concrete abutments were designed, as 
well as the two pillars and the pylon. The height of the pylon is 49.50 m. The pylon consists 
of two asymmetrical arms, coming from the stems (concrete C40/50). In the upper part of the 
pylon the arms are connected by diaphragms. All the supports are founded on piles with 
a diameter of 120 cm and a length of 8 m.

7.2.2. Static load tests 

Th e purpose of conducting test loads is to verify structure computational models and to 
confirm safety factors. The tests are carried out according to the loading project, with loads 
of a known value and a known position relative to the structure.

The results of static loads of bridge structures are used to verify the correct operation 
and condition of the structure (Łaziński and Salamak, 2011). Periodic repetition of the static 
tests enables a comparative assessment of changes in static properties, which may indicate 
the occurrence of damage.

Depending on the type of supporting structure, the following values may be subject to 
surveying:

– deflection of a span,
– settlement of supports,
– deflection of a pylon,
– horizontal displacements.

For the analyzed bridge, static load tests were carried out in accordance with seven 
schemes:

– S1 – loading Span I (Fig. 7.4a),
– S2 – loading Span II (Fig. 7.4b),
– S3/P3 – loading Span III and Support 3 (Fig. 7.4c),
– S4 – loading Span IV,
– P4 – loading Support 4,
– S2A – unsymmetrical loading applied to Span III,
– S2B – unsymmetrical loading applied to Span III.

The four basic span loads (S1, S2, S3/P3, and S4) were selected from the condition 
of the maximum load on the bridge girder in consecutive spans and, at the same time, of the 
cables of the cable-stayed spans. Two support loads (S3/P3, and P4) were adopted from 
the condition of the greatest supporting moment, with a large response over Pillar 3 and Pylon 4 
at the same time. Two additional, unsymmetrical, loads of the third span (S3A and S3B) were 
selected for the assessment of the span torsional rigidity. During the whole test, a total of 10 
four-axle trucks were used, with a total truck weight of about 32 tons. The loading process 
of spans was carried out in 45-minute intervals, of supports – 30-minutes, and the unsymmet-
rical ones – 15-minutes.
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Figure 7.4. Static load schemes [Owerko et al., 2012]

When conducting static loads, surveying with the use of the IBIS-S radar was carried 
out from the river bank (Fig. 7.5a). Sampling with an interval of 3.7 s was used. The obser-
vations included Span III, located directly over the river. The reflections of the radar beam 
came from five structural elements of the span, the range profile of which, together with 
the observed points, are shown in Figure 7.5b. Details on the surveyed points are included 
in Table 7.1.

The load effects were also observed with the use of other instruments. For this span it 
was not possible to measure the deflection using dial gauges. These were replaced by precise 
leveling from Support 3 to the staffs placed on the span. The study used two optical levels: 
NI 007 with invar staffs (LevL–RodL and LevR–RodR in Figure 7.6), and DNA03 automatic 
code level by Leica, with a fiberglass staff (DNA–RodDNA in Figure 7.6). The time of a sin-
gle reading with an electronic instrument takes 3–4 seconds and is more than enough to carry 
out surveys of static loads. Surveys carried out with the levels were conducted in S2 and 
S3/P3 schemes. In addition, in the S3/P3 scheme, a survey with the GNSS receiver positioned 
on a tripod was carried out. Its position was determined on the basis of static observations 
which ensured the highest achievable accuracy.
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Figure 7.5. The points observed by the radar in static surveying: a) structural elements; b) range profile

Table 7.1
The points observed on the bridge structure

Point number Radar–point 
distance [m] r/h = d/dr ratio Thermal SNR [dB]

Rbin33 16.0 3.3 62.5

Rbin64 31.5 6.6 66.4

Rbin97 48.0 10.0 65.3

Rbin130 64.4 13.4 62.7

Rbin164 81.4 17.0 49.1

Figure 7.6. Schematic layout of the surveying instruments relative to the bridge
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Figure 7.7. Results of the static loads conducted in load schemes: a) S1; b) S2; c) S3/P3

Figure 7.7 presents the results of static loads carried out in three schemes: S1, S2 and 
S3/P3, obtained using different instruments. Continuous lines mark the observations conduct-
ed in a quasi-continuous manner: Rbins – the points observed by the radar, DNA – electronic 
level observation results. The results of the observations carried out discretely in time: LevL, 
LevR – derived from the optical levels, and the GPS – derived from determining of the GPS 
antenna positions in static sessions, are marked with points. The farthest point observed by 
the radar (Rbin163 or Rbin164) characterized by a high noise, is marked with a gray line in 
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Figure 7.5a, which is a result of an unfavorable ratio of d/dr = 17.0 (Tab. 7.1). In order to 
eliminate it, in all the cases a filter with a moving average of the length of 11 was used, the 
results of which are marked with the letter “F”.

Figure 7.7 presents the reaction of Span III during applying load to:
– Span I (Fig. 7.7a),
– Span II (Fig. 7.7b),
– Span III (Fig. 7.7c).

When applying load to Span I, the maximum value of deflection equal to 51 mm was ob-
served for the Rbin64 (the second diaphragm). After removing the load, the point did not return 
to its original position, but maintained the deflection at the level of 4 to 5 mm. Similar, but rel-
atively weaker, was the reaction of the points represented by the other rangebins. The chart also 
shows information about the measurement noise on specific rangebins increasing with distance.

When applying load to Span II, the greatest value of deflection was found for Rbin130 
(the fourth diaphragm). It was 24 mm, but it had the opposite sign and meant the move-
ment of the observed point upwards. During the implementation of this load scheme, the 
surveys were also performed with the optical and code levels (LevL, LevR and DNA, re-
spectively). They observed deflections of the points located in the vicinity of the second dia-
phragm (Rbin64). The obtained values were: 15.4, 16.8 and 14.5 mm, respectively. The value 
of the maximum deflection determined with the radar was 17 mm, and of the average one – 
16.2 mm. The reason for the discrepancy is the observation of slightly different points on 
the span using a variety of methods. The downward deflection, visible at 11:20, is an effect 
of the exit of the trucks at the end of the S2 load scheme.

When applying load to Span III, the point represented by Rbin64 (the second diaphragm) 
obtained the largest deflection. It was 120 mm, with an average of 119 mm. The deflections 
observed using levels were as follows: 110.5 mm (LevL), 112.8 (LevR) and 106.8 mm (DNA). 
Attention should be drawn to the fact that, after the load had been removed, the points did 
not return to their starting positions, which was particularly evident for the Rbin97, Rbin130 
and Rbin163 points. The reason for this may be changes in the atmospheric conditions during 
the surveys. In Chapter 5, it was demonstrated that they can cause seeming displacements 
of single millimeters. Given that vertical displacement vector components dr were subject to 
the observations, and the ratio d/dr for these points is very unfavorable (Fig. 7.2), atmospheric 
factors can significantly affect the results of the deflection observations. This is also proved by 
the fact that the more unfavorable the ratio d/dr, the more visible the effect of non-compliance 
of the point position before applying, and after removing, the load.

7.2.3. Surveying dynamic test loads
Dynamic response of a structure to the designed loads is one of the key issues subject to 

testing performed on bridge structures. Radar interferometry provides capabilities to observe 
vibrations of the most important bridge components. The following may be subject to sur-
veying: long spans (including those located over water obstacles, and thus rarely available for 
surveying using direct methods), bridge pylons, cable-stayed structures and cable supporting 
structures of suspension bridges. Regardless of the type of structure, it is possible to record 
dynamic displacements of the important elements of the supporting structure. The analyzed 
example demonstrates the use and analysis of the dynamic behavior of a suspension bridge 
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span, which is over one hundred meters long. The results of the surveys and calculations are 
recorded time series and their spectral analysis using the FFT algorithm, as well as an example 
of the frequency response stability analysis of the structure. In addition, the analysis includ-
ed the ability to determine the dynamic amplification factor and the logarithmic decrement 
of damping for the test span.

Figure 7.8 shows the surveyed structure. The radar was set next to the pylon, and the 
diaphragms (counting from the pylon) on the range profile (Fig. 7.9) could be identified as 
Rbin22, Rbin53, Rbin85 and Rbin118 (red frames). Based on surveying with a total station, 
they could be identified as the cross beams of the observed span of the test bridge.

Figure 7.8. Span elements reflecting the radar beam

Figure 7.9. Range profile of the tested cable-stayed bridge span
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Sampling rate achieved during the test was 48.97 Hz. This means that, for the nearest 
beam represented in the range profile by Rbin22, the average sampling interval was 20.4 ms. 
It can be stated definitely that the sampling was conducted very evenly, since the standard 
deviation of the sample interval in the selected time period (identified as the free vibration 
of the bridge) was about 3∙10–4 ms (or about 0.001%). This is a very comfortable base to 
perform frequency analysis based on algorithms assuming a uniform sampling of a studied 
signal, for example, FFT. The test load project, based on which the surveys were carried out, 
assumed dynamic loading at different speeds. One of the main advantages resulting from 
the use of radar interferometry during tests is the ability to observe and record the behavior 
of the entire span at the same time. Figure 7.10 depicts the reaction of the four beams of the 
suspended bridge span to the two excitations (trucks passing from opposite directions).

Figure 7.10. Radial displacements of the four observed beams of the excited bridge span

After the excitation has stopped (the truck drives off the bridge) the structure begins to 
vibrate and, if it is properly designed and built, it is damped. For clarity, Figure 7.11a shows 
two excitations of one of the beams, the result of which are free vibrations of the bridge (red 
frames). Additionally, on the right (yellow frame), there is a time series subjected to a more 
detailed analysis. Its exact shape is illustrated in Figure 7.11b. A visible result of the beat 
between frequencies (here: 2.88 and 3.00 Hz) is further discussed in Section 7.3.

As can be seen in Figure 7.11, the beam vibrations begin at the truck impact on the 
threshold (maximum deflection moment) and last until damped. Then they have a character 
of free vibrations, and this allows the assumption that the bridge vibrates according to the 
structure free vibration frequencies (Fig. 7.12).

The first mode shape of vibrations, presented in the modal analysis as a transverse mode 
with a frequency of 0.58 Hz, in practice is revealed as 0.72 Hz. This is highlighted in Fig-
ure 7.12 with a yellow-red frame and is subject to further analysis. In contrast to slender 
structures, of a small weight relative to the dimensions (e.g., footbridges) or steel structures, 
the response of bridges with suspended constructions to a quasi-pulse excitation is a signal, 
which is more complicated and less unambiguous.
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Figure 7.11. Vibrations of one of the beams and its damping: a) for two passages from the opposite 
directions; b) a visible effect of the beat on the enlarged fragment

Figure 7.12. Signal spectrum induced by a truck hitting a threshold at the span
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Figure 7.13. Measurement signal and spectral analysis of the first transverse mode: a) the result of the 
survey; b) the survey result spectrum; c) the signal subjected to high-pass filtration; d) the spectrum 

of the filtered signal

Figure 7.13a presents raw data of recording a structure response with the radar system. 
Figure 7.13b shows an amplitude spectrum in a logarithmic frequency scale. Such imaging 
helps to determine an appropriate limit for the high-pass filter, as a result of which a clear 
vibration signal of the test span is obtained (Fig. 7.13c). This signal, subjected to spectral anal-
ysis, results in a distinctive searched frequency of 0.72 Hz (Fig. 7.13d). Its value is therefore 
known, but its stability in time is not known. To answer the question of to what extent the 
frequency response of the structure is stable, the amplitude spectrum diagram was created for 
each time at which the analyzed signal was determined. The diagram shown in Figure 7.14 
contains: frequency (vertical axis) and time (horizontal axis). The analyzed frames, for which 
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the vibration frequency was determined stepwise, were 4.1 s in length, with the coverage 
of 80%. The result of the calculation is depicted in Figure 7.14a, and it shows the importance 
of the correct signal filtering, prior to the relevant conclusions. Without removing the noise, 
frequency instability of the structural response could be mistakenly detected. The correct 
diagram, based on the filtered signal, is presented in Figure 7.14b.

Figure 7.14. The low-pass spectrogram of the measurement signal for the frequency corresponding 
to the first mode of the bridge vibrations, with the width of the confidence interval for the determined 

frequency response: a) prior to filtration; b) after filtration.

The confidence interval in Figure 7.14b is so narrow that it is hardly visible. The scale 
of the color is proportional to the recorded amplitude.

Examining the full range of frequencies allows the compliance of the calculation model 
adopted in the a priori conducted modal analysis to be verified with the actual dynamic be-
havior of the test structure. Table 7.2 (Owerko et al., 2012) shows that the applied surveying 
systems remain highly compatible. It should be noted that this comparison relates to the 
assessment of a bridge structure behavior as a whole, and not to a specific point, because 
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mounting inductive sensors to test a span which is one hundred meters long is not possible 
due to the presence of the river. This means that the arrangement of inductive sensors included 
surveying on the spans which were not located directly over the river. The adopted surveying 
methods enable calibration of the calculation model, which is a simplification by nature. The 
quoted modal analysis was carried out using Autodesk Robot Structural Analysis Professional 
2010 (Owerko et al., 2012).

Table 7.2
Comparison of the frequencies determined with the method of modal analysis (MA), radar interfer-

ometry (IBIS) and inductive sensor (LVDT, see Fig. 7.2)

Number 
of vibration mode MA [Hz] IBIS [Hz] LVDT [Hz]

1 0.58 0.72 0.72

2 0.93 – 1.14

3 1.09 1.10 1.24

4 1.43 – 1.31

5 1.54 1.60 1.59

6 1.73 1.66 1.70

7 – 1.82 –

8 1.92 – 1.87

9 1.96 1.96 2.07

10 2.45 – 2.45

11 2.53 – 2.63

12 2.58 – 2.69

13 3.11 2.92 3.06

14 3.41 3.42 3.46

15 3.58 – 3.82

Based on a comparison of the test girder deflection value during the passage of the trucks 
causing dynamic load (the speed of 50–70 km/h) with the deflection during the passage con-
sidered to be similar to the static load (the speed of 10 km/h), it was possible to determine the 
dynamic amplification factor (DAF) of the structure. The obtained values are consistent with 
the values obtained from the surveys with inductive sensors in the scope of evaluating the 
structure as a whole, and they fall in the range of about 0.92 to 1.15. In this case, DAF was 
defined as the ratio of the maximum deflection during the passing of one or two vehicles by 
the measured girder to the maximum deflection during the quasi-static load, i.e. the passage 
at a speed of 10 km/h at the same point of the girder. The results (especially for two vehicles) 
show little dynamic sensitivity of the test structure. They do not cause harmful interference 
between bridge vibrations and the pylon. 
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Figure 7.15 depicts bridge vibrations being damped, for the frequencies corresponding 
to the first mode of transverse vibrations, i.e. 0.72 Hz. The filtered measurement signal is 
marked in blue and the corresponding envelope calculated as a response from the Hilbert 
transform is marked in red (Shin and Hammond, 2008). Its use is a necessary step to obtain 
information about the damping of the structure. The exponential function, which is a model 
of the signal envelope, treated as a damped oscillator model, is marked in green. It is fitted 
into the Hilbert transform with the method of least squares. In order to calculate the value 
of the logarithmic decrement of damping, it is necessary to obtain information about the 
parameters of the exponential function. In this case, the value of the coefficient b from 
the function y = a∙exp(–x∙b) was 0.0539 at the 95-percent confidence interval from 0.0535 
to 0.0543. This leads to the statement that the logarithmic decrement of damping amounts 
to about 0.073.

Figure 7.15. Damping of vibrations

7.3. Operational loads 

Due to its non-invasive nature, the interferometric radar is well suited to verification 
tests. An example of such a survey presented below, and its results, is the practical imple-
mentation of radar interferometry to solve the problem of operational testing of bridges. The 
survey was carried out under dynamic operational load, and the purpose was practical veri-
fication of an overpass calculation model and an explanation of its dynamic behavior. These 
types of experiments are carried out both as current inspections through extended observa-
tions, and as expertise.

The survey was carried out at a motorway junction, where the test overpass with a na-
tional road runs over a highway. The structure subject to surveying was an arched overpass 
allowing for a turning relation.
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The construction of the structure is a pair of jointless steel arches, with a steel-reinforced 
concrete bridge construction suspended with hangers. Both arches are stiffened with tubular 
concentrations in the upper part. The span of the overpass is supported on two trapezoidal 
stringers and five cross beams. The end of the cross beams allows the use of jointed hangers 
(Fig. 7.16). A composite bridge span based on pot bearings has a length of about 63 meters.

Two positions of the interferometric radar were planned (A – under the span of the 
bridge, B – at the height of the span) due to the expected phenomenon of beating of the arch 
and the span in the horizontal and vertical directions (Pradelok, 2011). 

Figure 7.16. Overpass subjected to operational load: a) top view (image source: geoportal.gov.pl); 
b) side view

Figure 7.17. Range profile of overpass from Position A

The test structure provides a clear and unambiguous range profile from Position A 
(Fig. 7.17). A radar survey, aimed at recording transverse vibrations, due to its nature (iden-
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tification of structural elements, one-dimensionality) was supplemented with a survey using 
a total station. Triaxial Sequoia FastTracer accelerometers were mounted on the structure 
independently.

Figure 7.17 presents the geometry of the test bridge structure from the viewpoint of the 
range profile when the radar is positioned directly below the structure. Selecting a point for 
the analysis based on the range profile is very simple thanks to the clarity in identifying the 
elements of the span and the arch in the presented case.

Based on the surveys carried out during the load tests, a possibility of the occurrence 
of frequency beats in the range of 2 to 3 Hz has been identified. They correspond to the 
first and third mode of vibrations (Pradelok, 2011). The conducted experiment was to check 
whether, during the naturally occurring excitations caused by the movement of vehicles, this 
phenomenon took place. The point selected for observation was placed directly above the 
green belt of the highway, where the radar was located (Fig. 7.18).

Figure 7.18. Radar Position A (the distance from the overpass span is about 5.5 m)

During the analysis of the results, a superposition of two frequencies occurring in frag-
ments of data representing free damping of the structure was noticed. This was visible at 
a time when the overpass is released of the excitation (the truck drives off) and the structure 
is free to vibrate.
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Figure 7.19a depicts recorded data with the fragments representing a phenomenon of the 
beat (red frame). The last case, also marked with a yellow frame, is the subject of a more de-
tailed diagram (Fig. 7.19b). A low damping frequency is noticeable here. The spectral analysis 
of this time series allowed the author to check which frequencies interfere with each other.

Figure 7.19. Beats of the overpass deck: a) time series illustrating the phenomenon; b) a selected area 
enlarged

The two discussed modes of vibration are revealed clearly, as the corresponding trans-
verse modes of vibration of the arch and the platform interfere with each other. Based on 
the interferometer surveying it is possible to identify these frequencies as having the values 
of 2.52 and 2.82 Hz, respectively (Fig. 7.20).

Triaxial accelerometers were also mounted on the overpass span. Figure 7.21 shows the 
spectrum of the recorded accelerations caused by the passage of one of the heavier vehicles. 
Dominant frequency values obtained when using the accelerometer differ from the values 
obtained with the radar by only 0.04–0.06 Hz.
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Figure 7.20. The time series shown in Figure 7.19b subjected to the fast Fourier transform 

Figure 7.21. The time series of the acceleration values subjected to the fast Fourier transform 

The second part of the survey was to confirm the research hypothesis by examining 
whether there was no beating in the scope of longitudinal vibrations. Figure 7.22 shows 
the range profile observed from the radar position B. Two rangebins: Rbin73 and Rbin92, 
representing the elements of the test overpass, distant from the radar position by 11 and 20.5 
meters, respectively, were subject to detailed analysis.

On the basis of the conducted spectral analysis, it can be concluded that the frequencies, 
which are revealed for Rbin73, are: 1.42, 2.84, 4.68, and higher than 6 Hz. 
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Figure 7.22. Range profile of the overpass from Position B

Figure 7.23. The spectral analysis (FFT) for the data corresponding to: a) Rbin77; b) Rbin92
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For a more distant point, only frequencies above 6 Hz are clearly revealed (Fig. 7.23). 
In no case is the frequency of 2.54 Hz revealed, and so there is no beating in the scope of the 
horizontal vibrations. Frequency interference and its poor damping on the studied structure 
occur only with respect to the frequencies representing the transverse vibration.

In the analyzed case, the use of the radar system helped in the fast and non-invasive 
detection of vibration frequencies. It should be noted that this type of research can take place 
during normal use of the structure and does not require restrictions on the traffic. In addition, 
periodic monitoring surveys can be conducted at any time and are mutually comparable, be-
cause the range profile for the position selected once will be similar for the given structure.

7.4. Summary
The two examples above illustrate the complex use of the radar system for surveying 

associated with bridge structure testing. It has been shown that they can be easily used both 
for acceptance and periodic surveying. Due to the non-invasive, remote sensing nature, they 
allow the acquisition of information on the structure for inaccessible spans, and the execution 
of surveying for many points at the same time. In many cases, radar interferometry is a very 
good alternative, or even the only possible solution.

The methodology of using traditional surveying technologies is well known for these 
types of surveys. Because of its unusual nature, obtaining correct results using radar interfer-
ometry is possible only if the correct procedure is applied.

Firstly, attention should be drawn to the fact that, due to the one-dimensional nature, the 
changes in the distance of the vector connecting the observed element of the bridge structure 
and the radar unit are subject to surveying. The lower and longer a bridge is, the less favorable 
the ratio of the span deflection (which is to be measured) to the length of the vector (the changes 
of which are actually recorded). Setting of the radar unit in the plane of potentially occurring 
modes of vibration (especially transverse), at a good distance–height ratio, significantly fa-
cilitates the acquisition of valuable surveying material and, as a consequence, easier analysis.

Secondly, during subsidence tests in static diagrams, atmospheric changes should be strict-
ly recorded, with particular regard to changes in humidity. For greater certainty, if possible, it 
is preferred to stabilize the reference points (radar reflectors) which may be considered as fixed 
points during the data processing stage, and thus helpful for the atmospheric reduction.

The third important aspect is the correct geometric interpretation of the range profile. 
During surveying, it seems necessary to make a precise survey of the scene, taking into ac-
count the position of the radar unit and the points on the structure which produce favorable 
SNR. It should be noted that for bridges, particularly steel ones, the range profile can be 
extremely dense and rich in reflective points. On the contrary, pre-stressed bridges may have 
a poor profile for which a need to mount additional surveying reflectors is often a standard.

Data processing should be preceded by a thorough deduction based on modal analysis 
in several important aspects. The choice of the measurement points in the places where the 
deflection of the searched mode of vibration occurs, correct filtering of the observations and 
noise reduction are essential issues.
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8. Surveying 
of static displacement and vibration 
of high structures

Łukasz Ortyl

8.1. Introduction

High building structures are particularly vulnerable to displacements and deformations. 
This applies especially to structures of slender shape which are particularly susceptible to 
vibrations.

According to the information provided in Chapter 3, static impacts on structures are 
mainly due to external factors (including temperature and icing) and operational loads. For 
this type of structure, displacement, rotation and deflection are dealt with. The studies are per-
formed particularly for slender steel structures (towers, masts), and industrial smokestacks. 
In the professional literature, one can find detailed requirements and recommendations, 
defining the limits of displacements and deformations (Rykaluk, 2007; EN 1993-3-1:2006; 
Telekomunikacja Polska, 1994; CICIND, 2001; PN-B-03004:1998), and the result obser-
vations carried out using different surveying methods (Ni et al., 2011; Brownjohn, 2007; 
Cazzaniga et al., 2006).

The parameters which are essential for structural health monitoring are the dynamic char-
acteristics of the structure: the frequency and mode shapes of natural vibration as well as the 
damping coefficients. Section 3.3.2 discusses in detail the effects of vibrations on buildings 
and the surveys required to evaluate their impacts, most importantly, surveys of displacements 
and accelerations. In the case of industrial stacks, dynamic tests are often carried out for the 
purpose of checking vibration dampers. This applies both to reinforced concrete smokestacks 
(Brownjohn et al., 2010) and steel ones (Tranvik and Alpsten, 2002). In addition, based on 
the change in the dynamic properties of these structures, it is possible to evaluate the state 
of their construction. The same tests are conducted for towers and masts (Ghorbani-Tanha et 
al., 2009). While conducting studies for these structures, it is necessary to take into account 
their supporting structure – towers are freestanding structures with a shaft fixed in the foun-
dation, whereas masts consist of a shaft, which is usually based on a foundation using joints 
(in some exceptions, the connection is rigid) and a system of guy-wires, anchored in separate 
foundations (Telekomunikacja Polska, 1994).

The tall structures for which the dynamic tests are carried out as well include shaft 
towers and wind turbines. The need to measure and evaluate the vibration of shaft towers 
is specified by civil engineering regulations (PN-G-05500:1989). Dynamic deformations 
are caused mainly by the work of hoisting machine drive systems, as well as electrical and 
ventilation machinery, which can cause damage to the supporting structure. Example results 
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of vibration surveys for these structures are given by Ronghua et al. (2010) and Kaliński et 
al. (2000). The influence of operational loads, resulting from long-term dynamic loads, is 
also important for the condition of pylons in wind power plants (Harte and Van Zijl, 2007). 
The results of the studies are largely based on the analysis of the frequency survey results 
(Zimroz et al., 2011).

In planning the surveys of high buildings, as in the case of bridges, the possibility of ob-
serving displacements only in the radial direction should be considered. The radar position 
located at the base of the building is a case analogous to the observation of a bridge structure 
from a position located under the span of the bridge. Therefore, the designations in Figures 
8.1 and 7.1 correspond to each other, however, the height of the observed point over the radar 
position (h) has been replaced by an analogous horizontal distance (s). The results of the ac-
curacy analysis shown in Figure 7.2 are also applicable for high structures, but in their case 
the unfavorable ratio r/s = d/dr does not significantly affect the accuracy of the survey. This 
is due to the fact that the observation stand can usually be located at any distance from the 
test structure.

Figure 8.1. The geometry of the IBIS-S radar location relative to the high structure

In addition, during the selection of the radar position to observe a high structure, the 
mutual dependence of the number of points that can be observed on the structure and the ratio 
r/s are significant. The closer the radar to the structure (s), the more points can be observed 
(due to the range resolution ΔR), but the accuracy of the horizontal displacement deteriorates, 
resulting from the relation r/s = d/dr. On the contrary, with the increasing distance from the 
structure, the ratio of the horizontal vector to the radial component is more favorable, but 
fewer points can be distinguished on the structure.
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8.2. Static surveys

8.2.1. Industrial smokestacks
According to the Polish PN-B-03004:1988 standard, all industrial stacks, masonry and 

reinforced concrete, with a height exceeding 100 meters, should have a certificate. This in-
cludes, among others, information on the theoretical line of deflection of the stack shaft under 
different atmospheric conditions, as well as its surveying verification. All the information 
collected in the stack certificate forms the basis for making decisions about the implemen-
tation of any repair works. Commonly, lines of deflection of the stack shaft are determined, 
for example, using optical plummets (Żak, 1994), electronic total stations, using the method 
of bisector tangential directions or reflectorless surveys (Kocierz and Ortyl, 2010). Using 
a microwave interferometer, it is not possible to determine the inclination of the shaft, but 
thanks to precise displacement surveys, it is possible to determine changes in the deflection 
line of the shaft caused by wind load or insolation. The biggest advantage of the interferomet-
ric radar over conventional surveying methods is the high measuring frequency of up to 200 
Hz in the dynamic mode, and 0.5 Hz in the static mode, as well as its sub-millimeter accuracy 
(reaching up to 0.01 mm).

The IBIS-S system allows displacements to be determined only in the radial direction, so 
in order to determine the displacements on the plane, two units synchronized in time should be 
used at the same moment. Knowing the approximate position of the interferometers relative 
to the observed structure, the relationship between the radial displacement and its components 
in the xy coordinate system can be formulated:

cos  Azij · Δr xij +sin  Azij · Δr yij = Δr xy
ij (8.1)

where:
 Azij – azimuth of the line connecting a radar position with a point on the stack shaft,
 Δr xij – change in the inclination in the direction parallel to the x axis,
 Δr yij – change in the inclination in the direction parallel to the y axis,
 Δr xy

ij   – recorded radial displacement value projected on the horizontal plane.

By simultaneously recording the displacement values of the points on the stack shaft with 
two radar units, it is possible to solve the equation (8.1) and to determine the components 
of the changes in deflection relative to the axes of the coordinate system.

In order to verify the suitability of the IBIS-S system for monitoring static displacements, 
a 24-hour survey of changes in the inclination of a 200-meter cylindrical, double-shaft in-
dustrial stack with a diameter of 17 meters was performed. While conducting this surveying 
experiment, only a single unit of the interferometric radar was available, thus changes in 
inclination were not compared, only changes in the distance between the reflective element 
located at the top of the stack and the microwave radar. A Leica TCA2003 precision total 
station (Fig. 8.2), with two EDM prisms, which were mounted to the top of the stack, was 
used as a reference device.

The position of the IBIS-S system was located about 150 meters from the industrial 
stack, on a stable base, to ensure stability over a long period of observation. Since the aim 
of the observation was not high-frequency vibrations, but slowly varying displacements, the 
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time interval between successive surveys was 3 seconds. The range was set at 260 meters, so 
that in this range the whole observed structure was covered. On the profile of the reflected 
signal echo (Fig. 8.3), it is possible to identify points located at three different levels (Fig. 
8.4). In view of the fact that the reflectors of the reference surveying system were placed at 
the top of the stack, the most important point was Rbin481, which had a high SNR of 39.4 dB.

Figure 8.2. Arrangement of the positions of TCA2003 and IBIS-S, relative to the measured structure

Figure 8.3. Profile of the return signal strength
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Figure 8.4. Arrangement of he surveying points on the structure

For the selected points, the radial displacement chart was drawn up (Fig. 8.5). It can be 
seen that for the highest point of the structure, at 21:00, there was a loss of phase continuity. 
The phase cycle slips were based on the analysis of the displacement trend line, and then the 
displacement values were reduced by this value (Fig. 8.6).

Figure 8.5. Diagram of radial displacements of the points on the stack shaft H = 200 m

Reference surveys with a total station were carried out from a concrete observation pillar 
equipped with a system of forced centering. The surveys of the two prisms were conducted 
at intervals of 30 minutes in two faces of the telescope in order to eliminate instrumental 
errors and to increase surveying accuracy. In each series, surveys orienting at the third prism, 
located on the second observation pillar at a distance of approximately 112 meters, were also 
performed. Assuming that the distance between the prisms located on the structure should be 
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fixed, analysis of the survey accuracy was conducted. The mean error of a single survey was 
at the level of 1.8 mm. This is not a value comparable with the theoretical accuracy of the 
microwave interferometry method. It should be noted, however, that applying the total station 
method involves determining changes in inclination along the axes of the coordinate system, 
and they are not subject to the influence of the atmosphere to such an extent as the radar 
method, nor is there a problem of proper identification of the point from which the microwave 
was reflected. On the basis of the conducted surveys, a diagram of changes in the inclination 
of the structure was developed during the 24-hour surveying experiment.

In order to compare the displacement values obtained from the two surveying technolo-
gies, the results of the total station method were converted to changes in the distance relative 
to the position of the radar unit. The results are summarized in Figure 8.7.

Figure 8.6. Diagram of measuring prism displacements

Figure 8.7. Summary of the displacements recorded with the IBIS-S system and the TCA2003 total 
station, with the differences
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On the basis of the analysis of the differences between the displacements determined 
with the IBIS-S system and the precise TCA2003 total station (Fig. 8.7), it is apparent 
that up to about 17:00 there is a strong similarity of the values (the average difference is 
+0.7 mm). In the following hours, the impact of a systematic factor is more and more visible, 
the maximum of which occurs at dawn and is +5.8 mm. The shape of the diagram of differ-
ences in displacements shows that they are in large part due to the impact of the gradient 
of atmospheric parameters (Fig. 8.8). This is confirmed by a high correlation between the 
values of the differences and changes in the air humidity.

In order to correct the displacement values due to changes in atmospheric conditions, 
the seeming displacements of the fixed point at a distance of 98.4 m from the radar position 
(Rbin198) were used according to the formulas (6.7–6.9). The reduced values were compared 
with the displacements of the prism surveyed with the total station method and the differences 
between them were calculated (Fig. 8.9).

Figure 8.8. Meteorological data recorded during the survey

Figure 8.9. Comparison of the reduced displacements determined using the interferometric and the 
total station systems
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For the analytical determination of the mutual compliance of the total station and radar 
surveys, basic descriptive statistics of the collected sample were determined and are summa-
rized in Table 8.1.

The results of the conducted surveying experiment fully demonstrate the suitability 
of the radar interferometry method for the determination of the daily changes in the stack 
shaft axis deflection line. In order to achieve the highest accuracy of the final result, a survey 
should be planned so that the range profile contains stable points, thanks to which it will be 
possible to perform atmospheric reduction.

Table 8.1 
Assessment results of the accuracy of the IBIS radar to survey displacements of a stack by compari-

son with the Leica TCA2003 total station

Descriptive statistics Value

Root mean square error, s [mm] 1.32

Absolute average deviation, D [mm] 1.16

Maximum difference, δmax [mm] 3.32

Average difference, δav [mm] 0.60

8.2.2. Telecommunications masts

Masts are engineering structures composed of a shaft, which is the main element (com-
pressed column) of the supporting structure, and guy-wires, i.e. slender cables that carry 
axial tensile strength. Appropriate tension of the cables ensures rigidity of the structure 
support. It is important that the horizontal components of tension forces balance each other. 
Any reason which distorts the balance of these forces may cause a malfunction. According 
to Kozioł (2007), due to the failure frequency of guyed tubular structures, such as masts, 
which is higher than for other civil engineering structures, there is an attempt to model masts 
in a more precise manner to carry the loads that may occur. Masts require specific analysis, 
both static and dynamic, and therefore they were subjected to observations with the IBIS-S 
system in order to determine the usefulness of this tool to monitor displacements of the 
shaft caused by thermal load. The study, although essentially the same as in the case of an 
industrial stack, was conducted to determine whether it will be possible to obtain such a clear 
result on a different structure, the openwork nature of which may additionally influence the 
recorded radar result.

The surveys were carried out on a sunny day for nine hours (9:00–18:00) on a 120-meter 
steel mast. Both classic observations with a total station of the mast shaft were performed 
(observation interval of 1 hour), as well as observations with the IBIS-S radar in a static 
mode (observation interval of 3 s), using the IBIS-ANT4 antenna. Surveying of verticality 
conducted with the angular method was carried out from the positions that helped determine 
the mast displacements in the direction of observations with the IBIS system (Fig. 8.10a). 
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Surveying on the structure was conducted at five levels, where the first was a reference level. 
The entire section of the mast, visible from the radar position, was covered by a radar survey. 
The geometrical relationship between the IBIS unit and the observed levels was determined 
by an additional survey with the total station (Fig. 8.10b).

Figure 8.10. Surveys of static displacements of the mast: a) a sketch of the layout of surveying instru-
ments in relation to the observed structure; b) levels of surveying

The range profile of the mast construction and selection of points representing a given 
level is shown in Figure 8.11. The profile, along its entire height, shows strong homogeneous 
signal reflections.

Figure 8.11. Range profile of the mast construction
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Figure 8.12. Mast deformations in time of total station surveys

The results obtained with both methods were compared. The shape of the mast, de-
termined at every hour of observation using classic surveying, was reduced by the shape 
determined during the first observation at 9:00. An image of a change in displacements 
of individual section points in time was obtained (Fig. 8.12). In the case of data obtained 
with the IBIS system (Fig. 8.13), their reduction was performed to horizontal displacements 
based on the ratio of the horizontal distance IBIS – mast and slope distance IBIS – point 
of a given level. Atmospheric correction was taken into account by reducing the displace-
ment results by its value at the first observation level (this point presented a trend similar 
to the reference point located close to the radar unit in the direction of observations with 
the IBIS system).

The results of the surveys using the IBIS-S radar significantly deviate from the dis-
placement values obtained with the traditional total station survey. Differences occur for 
every level and at every hour. As a reason for the non-uniform return signal received by 
the radar, a wave sent by the instrument being reflected from the lattice, rough building 
structure, was recognized as a problem. The lack of a uniform continuous reflecting sur-
face (instead of a single point – several reflective points) together with movements of the 
building structure results in the IBIS system not being able to correctly determine the phase 
of the return signal as an effect of the so-called phase cycle slip (Fig. 8.14). This generates 
errors of the calculated displacements. The obtained result indicates the validity of the test 
because, when compared to the results of displacement surveys obtained from stacks and 
induced by insolation, in the static mode the IBIS-S system proved to be ineffective for 
a steel structure with guy-wires.
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Figure 8.13. Mast deformations in time of radar surveys

Figure 8.14. Instability of the signal phase recorded at the points of Level 5 and Level 1

8.2.3. Telecommunications towers

Another high structure selected to measure displacements using the IBIS-S radar was 
a wooden telecommunications tower with a height of 110 m (Fig. 8.15). The observations 
were carried out for 12 hours in order to determine static displacements. Figure 8.16 shows 
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the observed range profile. The point of SNR = 28.4 dB (for a distance of 145.5 m) was 
marked, indicating a wave reflection from the microwave reflector, which was attached to the 
top of the tower. The strong reflections seen for a distance of 105–130 m, 77 m and less than 
20 m, come from structural elements and obstacles.

Figure 8.15. The position of the radar relative to the tower

Figure 8.16. Range profile of the observed tower

The presented results were obtained in the static surveying mode (fs = 0.4 Hz) at a range 
resolution of ΔR = 0.5 m and for the IBIS-ANT4 antennas.

In addition to the surveys carried out using the IBIS-S radar, the displacements were de-
termined using the GNSS receiver. At the top of the tower, the AX1202 antenna was mounted, 
which was connected to the GX1230 (rover) receiver of the Leica GPS1200 set. The same 
set of instruments was placed nearby as the reference station, at a place with an open horizon. 
The receivers worked in the RTK mode, recording the position of the antenna every 5 seconds. 
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The accuracy of determining a horizontal position in this mode is 10 mm + 1 ppm. In addi-
tion, the structure was observed with the TCA2003 total station through a survey to a prism 
located on the top, next to the GNSS antenna. The total station surveys were conducted at 
15-minute intervals. The atmospheric conditions prevailing during the surveying are present-
ed in Figure 8.17, and the results of the surveys in Figure 8.18.

Figure 8.17. Atmospheric conditions during static surveys of the tower (image source: www.meteo.pl)

In Figure 8.18a, survey noise is visible, especially for the observation from the GNSS 
receiver. In the case of the displacements recorded by the IBIS-S radar, the biggest differences 
are seen in the early hours of the observation, which correlates with the heavy rain in this time 
interval. In order to reduce the survey noise for the data from the survey, a filter with a moving 
average was used (Smith, 2003). 

Figure 8.18b depicts the graphs after applying:
– a 501-point filter, which gives the averaging interval with the length of 41.7 min (for the 

GNSS receiver);
– a 361-point filter, which gives the averaging interval with the length of 15 min (for the 

IBIS-S radar).
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Figure 8.18. Displacements of the point observed on the tower, referred to the beginning of the survey: 
a) raw observations from the IBIS and GNSS surveys; b) observations from the IBIS and GNSS surveys 
after using a moving average; c) observations from the IBIS survey (moving average) and TCA2003

In addition, Figure 8.18c presents the results of the observations carried out with the 
TCA2003 total station. The results of the comparison are contained in Table 8.2.
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Table 8.2 
Accuracy results of the IBIS radar used to measure displacements of the tower, compared with the 

Leica TCA2003 total station and the Leica GPS1200 receiver

Descriptive statistics Comparison 
with TCA2003

Comparison 
with GPS1200

Root mean square error, s [mm] 1.1 1.8

Average absolute deviation, D [mm] 0.9 1.5

Maximum difference, δmax [mm] 2.9 3.8

Average difference, δav [mm] 0.1 0.0

8.3. Dynamic surveys

8.3.1. Telecommunications masts

Masts are structures which are particularly susceptible to vibration. Shaft elements and 
the system of guy-wires may be subject to aerodynamic vibration. In this study, as a reference 
method for the surveys with the IBIS system, two triaxial accelerometers based on MEMS 
technology (model FastTracer by Sequoia) were used.

The study was carried out in such a way as to assess three aspects: to compare the be-
havior of the structure (its response to a dynamic excitation) based on a survey with a single 
system in different places, to compare the recorded structure responses recorded with the two 
systems at the same place, and to check if the evaluation of the structure behavior with the 
two systems is uniform even with different arrangements of the survey points. 

The assumed research program allowed a comprehensive assessment of the structure’s 
dynamic behavior compliance (based on the value of the vibration frequency). This was deter-
mined with a radar and a set of accelerometers for the mast construction, which is a long slender 
shaft potentially susceptible to dynamic excitation caused by the wind. The use of the acceler-
ometers was due to the fact that attempts to observe a high structure with the use of a Polytec 
RSV-150 vibrometer of the declared range of up to 300 meters failed, caused by unstable oper-
ation of the vibrometer at the 200-meter and longer lines of sight. 

The accelerometers were placed at the top and at half the height of the mast (Fig. 8.19). 
During the experiment, the wind was blowing at a speed of 3 to 6 m/s, predominantly from the 
west. Independently, the day before, inclination of the mast caused by insolation was recorded 
using conventional angular measurements. The classic survey results based on the position 
of the sun are shown in Figure 8.20. Particularly interesting from the point of view of the exper-
iment was the behavior recorded for Levels 2 and 5 between 14:00 and 14:30 pm (Fig. 8.20).

Similar behavior of the structure on the day of the survey is revealed when recording data 
in the dynamic mode (sampling frequency of 60 Hz) with the radar. The behavior of the mast 
shaft center (blue) and the top (green) during a half-hour observation is presented in Figure 8.21. 
The trend of the mast behavior due to the operation of the sun is the same as the day before.
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Figure 8.19. Arrangement of accelerometers on the structure and position of IBIS-S

Figure 8.20. The image of mast shaft movement induced by impact of the sun in the time interval 
of dynamic observations, determined a day earlier with the method of angular surveying (Gaj and 

Giołbas, 2012)

The time series depicted in Figure 8.21 was subjected to spectral analysis. Thus, dom-
inant frequencies emerged, representing the behavior of the mast, recorded with the IBIS 
system. The recording frequency (60 Hz) allows all of the basic modes of vibration to be 
captured for the mast shaft (Fig. 8.22).
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Figure 8.21. The behavior of the mast shaft at two levels with a visible influence of solar operation

Figure 8.22. Amplitude spectrum of the points on the mast observed with the radar

Spectral analysis of the data recorded with accelerometers reveals dominant frequencies 
included in the signal of acceleration changes. Triaxial accelerometers were used on the struc-
ture, but the data from an axis parallel to the direction of the radar operation were subjected to 
analysis. Figure 8.23 presents a comparison of the amplitude spectrum obtained with the radar 
and with the accelerometer. The rangebin chosen for analysis in this case corresponded to the 
accelerometer position on the shaft of the mast. Compatibility of the determined dominant 
frequencies reaches 0.01 Hz.
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Figure 8.23. Assessment of the behavior of the structure top point

When using two independent monitoring systems, an important factor affecting the re-
liability of information on the dynamic behavior of the structure is the mutual complemen-
tarity of the systems. In order to test it, the data, which was acquired from the accelerometer 
no. 2 and the rangebin selected from the range profile, which corresponded to one of the points 
on the shaft of the mast, was analyzed. Both points did not exactly correspond to each other 
(the geometric position was different), and neither of them was located in the node of vibra-
tion. Figure 8.24 shows a comparison of the spectral analysis of the signal obtained from the 
accelerometer and the radar. The compatibility of the results is at a level better than 0.01 Hz, 
although the surveys related to a different point.

Figure 8.24. Assessment of the dynamic behavior on the basis of different points



232

Based on these results, the compatibility of the dominant natural frequencies of the mast 
was concluded. This was obtained by two independent methods – based on different physical 
phenomena. Thus, the reliability of using the IBIS-S radar for testing vibration frequency 
of this kind was confirmed.

8.3.2. Industrial stacks
For assessment of the technical condition of reinforced concrete industrial stacks, dynamic 

characteristics are used. While determining them, the primary task is to determine the natural 
frequency of vibrations and the corresponding modes of vibrations. The use of radar interferom-
etry for dynamic surveys of high structures is particularly useful due to the possibility of survey-
ing from the ground level and the elements do not have to be installed directly on the structure.

The high structure, the displacements of which were determined using the IBIS-S sys-
tem, was a reinforced concrete industrial stack with a height of 260 m (Figure 8.25a). The 
range profile of the studied stack is shown in Figure 8.26. Five points were identified as 
elements of steel galleries located at different heights of the stack. They are summarized in 
Table 8.3 along with the points Rbin527 and Rbin575 (marked in italics), which are located 
approximately midway between the lowest observed galleries and are reflections from the 
shell of the stack. These reflections, giving little clear peaks on the range profile, can result 
from the irregularity of the shell (losses in the shell, reinforcement elements).

Figure 8.25. Industrial smokestacks subjected to dynamic surveys: a) stack S2; b) stack S3; c) multi-flue 
stack S4 (under construction, the target height achieved)

The survey was performed using the IBIS-S radar in the dynamic mode (fs = 40 Hz) using 
the INIS-ANT4 antennas and with a range resolution of ΔR = 0.5 m. Figure 8.27 presents the 
stack’s natural vibrations in the time interval of 150 s. The higher the observed point is located, 
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the greater the amplitude of vibration recorded. In addition to the five points of the gal-
lery, the vibration of unidentified elements of the shell is presented. For these points, the SNR 
is lower than for the gallery elements (Tab. 8.3). Charts of vibrations of the points with low 
SNR values (Rbin464, Rbin527, Rbin575) are less smooth than the points strongly reflecting 
the radar beam (Rbin550, Rbin606).

Figure 8.26. Range profile for the studied industrial stack

Table 8.3 
Points observed on the industrial stack

Point no. Point type
 Radar to point 

distance
[m]

Point height
[m]

SNR
[dB]

Rbin464 gallery element 231.5 103.6 27.7

Rbin508 gallery element 253.5 146.3 36.0

Rbin527 shell element 263.0 162.2 24.3

Rbin550 gallery element 274.5 180.3 44.8

Rbin575 shell element 287.0 198.8 28.4

Rbin606 gallery element 302.5 220.6 42.6

Rbin668 gallery element 333.5 261.5 33.6

In another experiment, for the four smokestacks of known geometry and theoretical 
vibration frequency (Tab. 8.4), the natural frequency of vibrations was determined. Figure 
8.28 (on the left) depicts graphs of vibrations of the points representing the tops of the studied 
stacks in the time domain. For these fragments (each with a length of 200 s) frequency spectra 
were also calculated, the initial fragments of which, important with respect to the dynamics 
of the stacks, are presented in Figure 8.28 (on the right).
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Figure 8.27. The charts of vibrations of the points observed on the industrial smokestack (position along 
the vertical axis changed in order to improve the readability of the charts)

Table 8.4
Geometric parameters and dynamic survey results of industrial smokestacks 

(Kuras et al., 2010a; Kuras et al., 2010b)

Stack Height
[m]

Diameter Natural frequency
Δf/fbottom – top

[m]
theoretical

[Hz]
observed

[Hz]

S1 (Fig. 5.10) 260 16.0 – 8.3 f1 = 0.173 f1 = 0.153 12%

S2 (Fig. 8.25a) 260 27.6 – 7.7 f1 = 0.215 f1 = 0.200 7%

S3 (Fig. 8.25b) 220 13.7 – 5.8
f1 = 0.234 f1 = 0.213 9%

f2 = 0.775 f2 = 0.727 6%

S4 (Fig. 8.25c) 160 17.0 f1 = 0.460 f1 = 0.427 7%

In all the analyzed cases, the vibrations were excited by gusts of wind. The simplest case 
for analysis was Stack S1 (Fig. 5.10). As a result of strong wind gusts, vibrations of a large 
amplitude (of several millimeters) and an uninterrupted course were recorded, which allowed 
for an indication of the dominant frequency (Fig. 8.28a). For the S2 and S3 cases, the vibration 
amplitude is not so large – of single millimeters. The S2 stack shows irregular movement, so 
the Hann window was used to identify the vibration frequency (Fig. 8.28b). The same tool 
was used for the S3 stack. The time course of its vibration is regular, but the window func-
tion enabled the identification of the second natural frequency (Fig. 8.28c). This observation 
is made possible by the shape of the observed structure – of all four, it is the most slender. 
The modes of vibration corresponding to the two frequencies are analogous to the first two 
modes of vibration of the cantilever beam (Fig. 2.21b). The S4 stack is the largest structure 
and exhibits vibration of an amplitude of less than 0.5 mm. Identifying its vibration frequency 
(Fig. 8.28d) required the use of the Kaiser window (β = 3).
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Figure 8.28. Horizontal displacements and amplitude spectra recorded for the stacks: a) S1; b) S2; 
c) S3; d) S4 (horizontal axis – frequency in hertz, vertical axis – amplitude spectrum)

Relative differences between the theoretical and actual values of Δf/f for the analyzed 
cases ranging from 6 to 12% typically result from the differences between the design and its 
actual implementation, as well as rheological phenomena occurring after many years of use.

The conducted research has indicated a high utility of the interferometric radar to study 
the dynamics of high industrial structures. The main problem in the survey of such struc-
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tures is the difficult or impossible access to them, which indicates a need for a non-contact 
technique, in other words, ground-based radar interferometry. In addition, the working range 
of the test equipment and its sub-millimeter precision allows displacement surveys, which are 
impossible to implement using other techniques, to be performed.

8.3.3. Shaft towers
The results of the observations of the shaft tower provide another example for making 

use of a ground-based interferometric radar. In the case of this type of structure, the radar 
survey carried out was used to determine the frequency changes of vibrations and displace-
ments of the tower subjected to the operational load. This load was caused by the operation 
of hoisting machines.

The survey of the structure’s dynamic behavior was carried out from two positions. The 
first one was conducted from the P1 position, set perpendicularly to the shorter side of the 
tower and to the axis of hoisting machine operation, and the other one from the perpendicular 
P2 position (Fig. 8.29). The observations from P1, 60 m away from the structure, were carried 
out at a frequency of 200 Hz, while from P2, 80 m away from the structure, with a frequency 
of 165 Hz. The height of the observed structure was 85 m. The range profiles recorded at 
the two positions are shown in Figure 8.30. Three points representing the tower were distin-
guished on them, which became the subject of further analysis.

Figure 8.29. Arrangement of the surveying instruments in relation to the observed structure

Figure 8.31 depicts the course of displacements of these points, with and without the 
load. The load in both of the identified cases was analogous. The presented data covered 
a 15-minute period of observation on average. The graphs demonstrate the tower at inaction 
during the first 500 seconds (P1) and 130 seconds (P2), and the effect of the impact of an 
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active load induced by the hoisting machine operation to about the 850th second (P1) and the 
600th second (P2). The load caused an increase in displacements at the highest of the analyzed 
points from 0.5 to 2.3 mm (P1) and from 0.8 to 1.8 mm (P2). The displacements at P1 demon-
strate strong consistency and repeatability, contrary to the displacements recorded from P2.

Figure 8.30. Range profiles of the shaft tower from the positions: a) P1; b) P2

Figure 8.31. The displacements in the analyzed period of time and a selected fragment: a) single series 
of loads; b) enlarged fragments (vertical axis – displacements in millimeters, horizontal axis – time in 

seconds)

The presented waveforms were subjected to spectral analysis (Fig. 8.32). In the P1 posi-
tion, during no load imposed upon the tower caused by the operation of the hoisting machine, 
frequencies common to all of the points were revealed: 1.00, 9.07, 11.37 and 11.60 Hz. In the P2 
position, with the analogous load, frequencies common to all of the points were revealed: 0.83 
and 11.40 Hz. The load applied to the tower caused by the operation of the hoisting machine 
results in the occurrence of an additional frequency (1.17 Hz) for P1 (other frequencies almost 
do not change at all). 



238

Figure 8.32. The results of the spectral analysis: a) at inaction of the hoisting machine; b) with the 
hoisting machine operating

Figure 8.33. The beat effect caused by the machine operation during all three loads recorded from the 
position P1 (vertical axis – displacements in millimeters, horizontal axis – time in seconds)
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The frequencies with slightly different values cause the effect of the beat during the oper-
ation of a hoisting machine, which is presented in Figure 8.33. This phenomenon is regular and 
repetitive. Analyzing the result, it can be seen that, by surveying, it is possible to determine the 
damping decrement of the structure after the hoisting machine has ceased to operate. In the P2 
position, while the hoisting machine is operating, the frequencies of 1.00 Hz and 1.17 Hz occur, 
but they are almost unnoticeable in relation to the dominant frequency of 0.83 Hz.

The results obtained from the interferometric radar are similar in nature and value to the 
results presented by Ronghua et al. (2010). Some of the frequencies, depending on the form 
of modal vibration, occur only for some directions, as shown by the different results of the 
spectral analysis from the radar positions P1 and P2. This effect should be taken into account 
when planning dynamic surveys of shaft towers.

8.4. Summary
The presented examples demonstrate the high, as confirmed by the reference surveys, 

suitability of ground-based interferometric radar surveys to study both static displacements and 
dynamic responses of the structure. They were proved to be highly effective in observations 
of industrial smokestacks, shaft towers and masts – in the dynamic mode. The effectiveness 
of the radar method, however, proved to be insufficient for the surveying of steel mast static dis-
placements caused by insolation. The reason was its openwork construction, which – being ob-
served as individual rangebins – produced an inconsistent result and phase cycle slips. As shown 
in the example which presented the dynamic tests of the mast, this result was obtainable in the 
dynamic mode at a much higher sampling frequency. In this case, however, huge sets of data 
would be generated, which should be considered during the planning stage of the surveys.

Other structures, for which field experiments were conducted, were wind power station 
towers subjected to dynamic loading, as well as cooling towers. Generally, it can be said that 
for all high structures which provide high value of the reflected signal relative to the noise 
ratio, radar observations are feasible. In the case of wind power stations, where the towers do 
not have clear structural elements, small discontinuities on the surface of the pylons, occur-
ring at joints between two sections of the tower, are sufficient to observe the vibrations. The 
survey proved, however, difficult or impossible for the highest parts of the towers, which were 
obscured by the rotor of the wind turbine during its operation.

Cooling tower observations are made difficult by the fact that they are not slender. As 
a result, at the same distance from the radar, there can be multiple elements of the structure 
shell, which makes it impossible to unambiguously identify the points reflecting the radar 
beam. For the observations, it is necessary to signal the points measured using the structure 
elements, which are scarce on the cooling tower, or to use additional reflectors which, in the 
case of a cooling tower, is very difficult.

The conducted study demonstrated the high utility of the interferometric radar for testing 
the displacements of tall building structures. The main problem in the surveying of such struc-
tures is the difficult or impossible access to them, which implies a need for using non-contact 
techniques, such as ground-based radar interferometry. In addition, the working range of the 
test device and its sub-millimeter precision allow displacement surveys to be performed when 
they are impossible to carry out using other techniques.
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9. Surveying of displacements 
of monolithic structures

Rafał Kocierz

9.1. Introduction

Hydro-engineering (e.g. concrete dams or weirs) and geotechnical (retaining walls, em-
bankments, etc.) structures, and as mentioned in the previous sections, smokestacks, towers 
and bridges, are among the structures that require special supervision of their operation and 
condition. History shows numerous cases where the lack of concern about the condition 
of a structure ended in disaster. Due to their size and range, the most serious consequences 
are brought about by the failures of water dams, of which there were more than 300 in the 
nineteenth and twentieth centuries, counting only the most serious ones (Bryś and Przewłocki, 
1998). With the advent of the new age, the problem of safety has not disappeared, as exem-
plified by the rupture of a dam in western Hungary (Ajka) in 2010.

In order to ensure maximum safety of all building structures, the provisions of the Building 
Law (Ustawa..., 1994) oblige the owner or the manager of a structure to control it. The scope 
of the inspection is clarified by specific regulations. In the case of retaining walls, the content of 
the EN 1997-1:2004 standard (Eurocode 7) should be referred to. According to this, in order 
to ensure the safety and quality of a structure, the behavior of the structure during construc-
tion and after its completion ought to be monitored. The basis for assessments of structural 
behavior are surveys of displacements at points of the structure along with their analysis. 
In the case of hydro-engineering structures, the provisions of the Regulation of the Minister 
of Transport and Maritime Affairs (Rozporządzenie Ministra Transportu i Gospodarki Mor-
skiej..., 1998) are more detailed. 

Reinforced concrete and stone structures, as well as those made of slightly reinforced 
concrete, should be checked for:

– slide on the subsoil and in the subsoil,
– rotation,
– exceedance of permissible subsidence and subsidence difference and inclination,
– occurrence of tensile stresses from the upstream side, at the foundation level, and for 

hydro-engineering structures made of slightly reinforced concrete and stone – also in 
sections above the foundation level.

The aforementioned displacement surveys, deformations and stresses of a hydro-engi-
neering structure and surrounding areas are conducted with the control and surveying instru-
ments installed on the structure, and whose presence is necessary to receive approval for use.
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According to current trends in the monitoring of monolithic structures (ICOLD, 1993), 
attempts are being made to enable full automation for the purpose of permanent surveying. 
A survey interval of about 10 minutes is considered to be continuous monitoring.

Currently, one of the basic methods of surveying displacements and deformations is 
a classic survey of points representing a structure using total stations and GNSS receivers 
(Rüeger, 2006). These surveys are most often held from 2 to 4 times per year and provide 
information on the absolute displacements. Additional information is provided by relative 
sensors (pendulums, extensometers, feeler gauges, inclinometer probes, etc.) from which 
readings are made once a week or in a continuous manner by means of electronic sensors 
(however, this type of survey usually has lower accuracy).

The advantages of relative methods, in the form of their high accuracy level and the 
possibility of continuous surveying, as well as the opportunity to obtain displacements in 
an absolute coordinate system (as in surveying methods), are combined in the ground-based 
radar interferometry. In order to verify the suitability of the IBIS-L system on a real structure, 
the highest hydro-engineering structure in Poland was selected – the gravity concrete dam 
(Fig. 9.1). The construction process took place in 1937–1939 and 1960–1968. In 1968 the 
structure was put into service. 

The basic technical data of the dam are:
– a height of 81.8 m,
– a length of 664.8 m,
– a crest width of 8.8 m,
– a capacity of about 760 000 m3,
– a weight of about 2 million tons.

Figure 9.1. Gravity concrete dam
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The axis of the dam in the horizontal projection is not a straight line. The bend of the axis 
was forced by complicated geological conditions and the profile of the riverbed. The cross-sec-
tion has a shape similar to a triangle. The entire structure was divided into 43 sections, with 
a width of 15 meters each. The expansion joints between them are sealed with rubber bands. 
Excess water is drained by two steep spillways. Inside the structure, on four levels, there are 
inspection galleries.

9.2. Planning of a survey

When drawing up a plan to conduct surveys of structures such as dams, weirs or retaining 
walls, the following issues should be taken into account:

– the size of the monitored area of the structure,
– the density of the observed points of the structure,
– model values of the maximum displacements,
– the expected accuracy of displacement surveys.

The size of the monitored area and, more specifically, its length in a direction transverse 
to the radar sightline are important when selecting the number of positions, the type of an-
tenna sets and the distance at which the radar interferometer is installed from the monitored 
structure. In the case of surveying structures characterized by small, slow displacements, it 
is not necessary to carry out surveys in a continuous manner. This allows for the stabilization 
of a greater number of stands, at which the surveying equipment will be successively installed. 
However, when it is necessary to permanently monitor the condition of a structure, and there is 
only a single unit of the microwave radar interferometer, only changes in the device position 
or of the set of transmitting-receiving antennas is possible.

Due to the limited resolution of the survey, variation of the distance of the surveying 
instrument to the structure will change the density of the observed structure points. The most 
important parameter here, however, is not angular resolution, but the linear one. This is due to 
the geometry of the analyzed structures, and to the fact that, for the two points which are in the 
same vertical collimating plane, reflecting the emitted microwave beam, to be distinguished 
on the map of the echo signal, the difference of spatial distance relative to the radar must be 
greater than the linear resolution (Fig. 9.2). Sample graphs of the echo power presenting the 
discussed issue have been shown in Figure 5.16. This is particularly important if, as a result 
of a survey, data are to be recorded for the purpose of analyzing the behavior of a structure 
in the vertical plane.

The basic information of importance, when developing a schedule for periodic sur-
veys of displacements of structures such as a concrete dam, are the recommendations of the 
building project. When using the IBIS-L system, the problem of ambiguity of phase surveys 
carried out by the microwave interferometer should also be taken into account. To properly 
determine the direction and value of displacements, it is necessary to ensure that the move-
ment of a structure between the surveying periods was less than a quarter of the length of the 
emitted wave. For the analyzed IBIS-L system it is 4.36 mm.
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Figure 9.2. The effect of changes in the structure–radar distance on the number of recorded points

One of the most important parameters while planning surveys of displacements and 
deformations is expected accuracy. According to the tests set out in Chapter 6, the actual 
accuracy of surveying changes in measurement point positions in optimal cases is even less 
than 0.1 mm. The final accuracy of the survey, in addition to distorting factors such as instru-
mental errors (Section 5.1) or the atmosphere (Section 5.2), is affected by the strength of the 
reflected signal (Tab. 5.2). This is strongly dependent upon the type of reflecting surface, the 
distance of the radar from the structure, and the power gain of a set of radar antennas. Not 
having much influence on the surface of a structure, the radar positions should be arranged 
in such a way as to cover a selected scene with the survey, without getting so far away from 
it that it could significantly decrease the accuracy of the survey.

When planning test surveys of the gravity concrete dam, the target precision of the de-
termined displacements was adopted at the level of 0.3 mm. It was assumed that the surveys 
would be carried out once a year. Using the results of the previous surveys, a condition was 
verified that the displacement values recorded in both surveying epochs were no greater 
than 4.36 mm. For the purpose of analyzing the accuracy of the conducted survey using 
ground-based radar interferometry, the use of a pendulum system installed inside the dam 
was planned (Fig. 9.3).

While planning the survey positions, it was decided that the purpose of the observation 
would be the behavior of the middle part of the dam located directly behind the power-
house and including spillways (Fig. 9.4). Bearing in mind the planned accuracy, as well 
as the size of the structure, it was decided to place the positions at distances in the range 
of 150–300 meters, and the use of the antennas with the gain of 13.5 dBi. 
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Figure 9.3. Pendulum position reading system

Figure 9.4. The plan of arranging surveying positions along with the angular range
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According to the tests set out in Section 5.3.3, the strength of the signal reflected from 
a concrete dam with the use of antennas with a 23.5 dBi gain, is at the level of 45 dB. Due to 
the pattern of the antennas, it is expected that the signal strength for the wide-angle antenna in-
tended to be used in the central zone will be about 35 dB. Reading out the change in the antenna 
gain for the return angle of 30° it is calculated that for the extremes the signal strength will be 
20 dB. According to Table 5.2, the given signal strength should allow for obtaining a precision 
displacement survey at the level of 0.28 mm. Taking this into consideration, an arrangement 
of surveying positions was drafted and the angular range was marked as well (Fig. 9.4).

9.3. Initial surveys

Before conducting the actual survey, it was necessary to select the final position of the 
surveying devices and to install anchor bolts. When selecting the positions, the existing concrete 
blocks were taken into consideration, as well as access to the existing electrical network. An 
important element determining the location of the anchor bolts was the ease of transport, which 
is critical during the installation of the IBIS-L system. Finally, it was decided to stabilize two 
survey positions, numbered 2 and 5 (Fig. 9.4). The first one of them was placed as close to the 
dam as possible, focusing on the observation of the central sections. In order to be able to install 
the system many times during the subsequent surveying epochs, a suitable concrete foundation 
was prepared in which the bolts were installed, anchoring the radar rail. The second position 
was located 260 meters from the dam. For the purpose of stabilizing, an existing concrete block 
was used to ensure sufficient stability of the position in time. The arrangement of the completed 
surveying positions, along with the directions of the device axes, is shown in Figure 9.5.

Before making the actual survey of the dam, a series of test surveys were conducted, 
aimed at verifying which of the survey positions would be most favorable. The results of the 
test surveys have been presented in Section 5.5.4 of this monograph. Having analyzed the test 
results, it was finally decided to use the position located farther away, with the use of anten-
nas with a 13.5 dBi gain. Thanks to this combination, a regular arrangement of measurement 
points was achieved on the section of the dam planned for observation. In order to analyze 
and subsequently eliminate the potential adverse effects of the atmosphere, it was decided 
to perform a 24-hour survey with an interval of five minutes between the observations. The 
maximum survey range was set to 400 m, with an angular resolution of 14.5’ and a range 
resolution of 0.5 m. A total of 231 surveys were recorded, for which a map of the return sig-
nal-to-noise was drawn (Fig. 9.6).

Based on the quality of the return signal echo strength (thermal and estimated SNR) and 
the coherence, points for further analysis of the displacement values were selected. The survey 
points were arranged in three vertical sections of the dam, creating a regular grid. For the 
marked pixels, displacement values for the entire survey period were generated (Fig. 9.7). All 
of the selected points showed the same trend, with only the chart scale differing slightly. On 
this basis, it was possible to infer the existence of a systematic error (caused by the influence 
of the gradient of the atmospheric parameters), and the differences in the displacements were 
proportional to the distance relative to the radar.
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Figure 9.5. Arrangement of the completed surveying positions

Figure 9.6. Thermal SNR map with the arrangement of the controlled points

For the purpose of instrumental and atmospheric error correction, it is necessary to iden-
tify, on the map of the signal strength, the points located on the structures that are not subject 
to displacements, or the displacements which are subject to determination with different sur-
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veying methods. In the case of the analyzed structure, a set of control points was selected, 
located on the powerhouse directly in front of the downstream side (Fig. 9.8).

Figure 9.7. Raw observations of the displacement of the controlled points

Figure 9.8. Arrangement of control points

In order to confirm the hypothesis about the impact of the changes in atmospheric con-
ditions on the values of the determined displacements, the behavior of the control points was 
analyzed (Fig. 9.9). The observed compliance allows for the use of the selected points to im-
plement the reduction of the calculated displacements due to the influence of the atmosphere.
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Figure 9.9. Seeming displacements of the fixed points during initial surveys

Using the formulas (6.7–6.9), reduced point displacement values were calculated (Fig. 
9.10). The spread value of the observed displacements was at the level of 2 mm, which is 
significantly higher than the accuracy claimed by the manufacturer and confirmed by the 
performed experimental tests. The reason for this is the non-uniform atmosphere. Reductions 
of the surveys based on stable points (called GCP) are based on the assumption of homoge-
neous atmospheric conditions along the entire sightline. For this survey, such an assumption 
was not met, due to a low layer of fog. In addition, the survey was disturbed by heavy rainfall 
lasting for most of the observations.

Figure 9.10. Displacements reduced by the influence of the atmosphere
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In order to verify the movements of the dam at the time of the survey, observations 
of the position of the pendulum at the lowest survey gallery were also performed (Fig. 9.11). 
Comparison of Figures 9.10 and 9.11 proves that displacement values determined with the 
IBIS-L system are the result of the some impact of the changes in the atmosphere, rainfall or 
instrumental errors.

Figure 9.11. Displacement chart from the system of pendulums installed in the observed sections 
of the dam

9.4. Current surveys

In view of the experience gained during the previous surveying campaign, in the fol-
lowing year it was decided to extend the period of the dam observation. The aim was to 
record the longest possible surveying sets containing data in a stable and homogeneous 
atmosphere (Fig. 9.12). The survey lasted for 48 hours and, apart from a night between the 
second and third day of the survey, when a storm broke out over the structure, the weather 
conditions were stable.

In order to assess the quality of the observational material, displacement values were 
calculated from the data set for the points marked in Figure 9.6, and they were summarized 
in a graph (Fig. 9.13). A large disturbance can be seen on the first and the second sunny day 
of the survey. Contrary to expectations, a major disturbance did not occur in the observations 
recorded during the strong storm.

Similarly to the previous surveying campaign, for the purpose of reducing the influence 
of the atmosphere on interferometric observation results, two control points were used, the 
seeming displacements of which are shown in Figure 9.14.



250

Figure 9.12. The IBIS-L system on the test position

Figure 9.13. Displacements of the control points
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Figure 9.14. Seeming displacements of the fixed points during current surveys

An analysis of the reduced displacements of the control points on the downstream side 
of the dam (Fig. 9.15) demonstrates that the most stable phase readings were recorded during 
the night, between the first and the second day of the surveys, as well as after the storm on 
the last day.

Figure 9.15. Displacements of the dam points corrected by the atmospheric influence

During the second surveying campaign, as the reference device, analogous to the 
implementation of the first survey, pendulums were used, with positions as presented in 
Figure 9.16. The recorded values of displacements which occurred during the 48-hour 
survey session, are shown in a graph (Fig. 9.17).
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Figure 9.16. Location of the pendulums (image source: www.budokop.com)

 

Figure 9.17. Dam crest displacement values recorded by the pendulums

9.5. Analysis of survey results

After preliminary processing of the data from the completed campaigns, it is possible 
to determine displacements of the structure in the time between surveys. Reductions of the 
observations were carried out in a manner similar to the case of processing a single epoch. 
One of the results of processing the surveys of surface structures such as dams, weirs or re-
taining walls, is a map of displacements (Fig. 9.18) showing the behavior of all the points in 
the observed area.

If there is a large scatter in the surveying data, such as in the analyzed case, using a map 
of displacements in the IBISDV software can only be approximate, because this option com-
pares two selected survey series. It does not provide an option to choose the averaged series 
for analysis, which is necessary in order to remove residual errors of the atmospheric reduc-
tions, and also the survey noise. The charts of the changes in the positions of the selected 
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pixels do not allow more sophisticated analyses to be performed either, but thanks to them 
it is possible to export the determined values to a text file to process them using different 
software. In order to determine the final values of displacements, seeming displacements 
of the points were determined for each survey campaign as the arithmetic mean. In addition, 
in order to determine basic accuracy characteristics, the value of the root mean square error, 
absolute average deviation and maximum deviation were calculated. All the values calculated 
for the point P1, located in the plane of the installed pendulum are summarized in Table 9.1, 
and a graphical representation of the results is contained in Figure 9.19.

Figure 9.18. The map of displacements of the dam points

Table 9.1
Determining the seeming displacements of the dam point P1

Descriptive statistics
Point P1

2011 2012

Seeming displacement, d [mm] 0.45 –0.28

Root mean square error, s [mm] 0.34 0.54

Absolute average deviation, D [mm] 0.26 0.38

Maximum deviation, δmax [mm] 0.99 2.82
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Figure 9.19. Analysis of displacements of the dam crest point located in the vicinity 
of Sections 16 and 17

The final value of the displacement, calculated as the difference in the seeming displace-
ments for the point P1 is –0.73 mm with the error calculated on the basis of the propagation 
of uncertainty at ±0.03 mm. For comparison, the displacement value determined from the 
observations of the pendulum at the lowest gallery was 0.81 mm in the same direction as 
the interferometric measurements.

9.6. Conclusions

The verification of the capabilities of ground-based terrestrial radar interferometry tech-
nology for the measurement of displacement in monolithic structures showed some benefits 
and drawbacks of the method. The great weakness of the method is the strong sensitivity to 
changes in atmospheric conditions. For the purpose of compensating the impact of meteoro-
logical parameters on the observed values, stable points in front of the structure were used. 
This proved to be insufficient due to the lack of homogeneity of the atmosphere. In order to 
achieve the best outcomes, the weather conditions should be measured near the radar posi-
tion, at the bottom and at the top of the dam, and on this basis the correction model for phase 
readings should be built. Another solution may be higher positioning of the radar beam so 
that it is not sent close to the ground, where weather conditions are the most volatile. Unfor-
tunately, such a solution may not always be the case. Despite the presented problems, the use 
of a ground-based radar interferometer allows the behavior of a large number of sites to be 
monitored simultaneously, while maintaining a quasi-continuous observation method. With 
daily periods of measurement, radar interferometry technology allows an accuracy of 0.1 mm 
to be achieved even in difficult measuring conditions.
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10. Summary
Jan Gocał, Tomasz Owerko, Łukasz Ortyl, Rafał Kocierz, 
Przemysław Kuras

The measuring device using the ground-based radar interferometry technique, which 
allows for multi-point and non-contact displacement measurement of sub-millimeter accu-
racy in real-time, appears to be extremely attractive from the engineering point of view. In 
addition, taking into account the asset of displacement measurement of frequencies up to 200 
Hz, the interferometric radar can provide a new level of quality among the surveying measure-
ment methods used so far for the determination and monitoring of changes in the geometry 
of a static and dynamic variety of engineering structures. A new measurement technique that 
is specific and has a different philosophy of measurements and their interpretation than the 
classic, well-known, surveying methods requires knowledge of both the real possibilities and 
factors limiting the use of this tool.

Due to the innovative methods and their unconventional nature, the authors of the mono-
graph widely discussed the areas of application, raising the issue of determining the displace-
ment and vibration of structures in order to assess its condition and safety of operation. The 
operating principles using a ground-based interferometric radar have been widely presented. 
Using the example of the IBIS system (developed by the Italian company IDS), which is an 
application of ground-based microwave interferometry, the measurement principles and pro-
cedures for result processing have been discussed.

The authors of the monograph have presented the results of many experiments carried 
out during various applications that enabled evaluation of the method’s accuracy in field 
conditions, knowledge of the factors that determine it, and formulation of the terms and con-
ditions for determination of the displacement and vibration of engineering structures using 
ground-based radar interferometry. Most of the tests were carried out by confrontation of the 
results with measurements of alternative methods of better or comparable accuracy.

The accuracy of the radial displacements was confirmed in the scope declared by the 
manufacturer. According to the authors, however, it is similar in both static and dynamic 
measurements. One problematic fact is the reduction of the radial displacements determined 
by the IBIS system on the direction of movement. The tests have shown that it is necessary 
to measure the geometric relationship between the measuring unit and observed structure 
with a classic surveying method which reduces the declared accuracy value of the measured 
displacements to ±0.3 mm because of the ambiguity of indicating the transmission and 
reflection of the radar beam. Accuracy of this magnitude is possible to obtain both with the 
points signaled with microwave reflectors and natural points, provided they have a high 
SNR value.
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It has been shown that external factors related to the variability of atmospheric con-
ditions influence the measurement results. However, there is weak correlation between the 
linear model of the atmosphere and measurements. This requires users to perform much 
longer measuring sessions, both static and dynamic, with the use of reference points showing 
stability over time. The authors have shown the usefulness of the IBIS radar during the short 
and long-term applications, such as monitoring the daily movements of civil engineering 
structures (bridges, smokestacks, towers and dams). In this case, the advantage of multi-point 
and non-contact measurement based on a ground-based radar interferometer compared to 
conventional methods, for instance, for long bridges, should be emphasized.

Basic and application tests confirmed the high level of conformity of frequency mea-
surement results obtained by comparing the radar, laser vibrometer and MEMS-based ac-
celerometers. It is particularly important that the radar measurements provided good results 
while examining the dynamic behavior of engineering structures, including the determination 
of frequencies and mode shapes, logarithmic decrement of damping and amplification factor. 
It is possible both in the load testing of bridges as well as the operational loads (masts, shaft 
towers and stacks).

The monograph, due to its limited volume, presents only the most important results 
of the tests that the authors realized within the project. The wider-ranging research material 
is currently being presented in scientific publications.
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