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In remote measurements on large-sized objects main focus is on measuring deformations
of bridge surfaces and determination of the dynamic amplification factor in particular. The
proposed method estimates deflections of entire lower surface of a bridge due to placement
of secondary radiators on this surface. Antenna array directivity pattern (ADP) is distorted
during deflection of the bridge surface. ADP distortions contain the information about
deflections of the individual points of the surface. Minimization of the distance in a
functional space with a quadratic metric (the functional) between a distorted measured
ADP and theoretical one allows us to determine these deflections. The main problem is
measurement of the secondary radiators system ADP in far zone which often cannot be
achieved for real bridges in practical situations. Therefore, a new method for determining
surface deflections based only on field amplitude measurements in near-field zone of a
secondary radiators system is considered in the article. This amplitude of field strength
depends on the bridge surface deflection. The modulus of difference between the normalized
amplitude distribution of the measured field at the outputs of the receiving array elements,
which is created by the radiators system of an unloaded bridge, and the similar amplitude
field distribution of a loaded bridge is minimized and deflection of the bridge at the points
of the radiating elements placement is calculated.

1. Introduction

measurement of the antenna directivity pattern (ADP) distortion of

This paper is an extension of the work originally presented in
the International Conference on Antenna Theory and Techniques

[1].

In engineering practice, an important place is taken by
measurements of surface deflections of large-sized objects. The
dynamics of these deflections can serve as a basis for diagnosing
the objects’ state. Deflection measurements for lower part of the
surface are one of the most important actions in maintenance of
bridges. For this purpose, contact sensors are usually mounted
directly on the lower part of the bridge. The installation of contact
sensors and transducers interrupts traffic on the bridges and can be
time-consuming. Non-contact measurements on bridges which are
carried out remotely have recently become an alternative to the
contact ones. The analysis of remote method for estimating bridge
surface deflections was carried out in [1]. It is based on
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the radiators which are installed on the lower surface of a bridge.

2. Modern Methods of Bridges Surface Deflections
Measurement

Let us consider the methods of deflection measurements on
bridge structures. The number of deflection measurement methods
has increased essentially in the last decade. Bridge safety
monitoring is based, in a great extent, on measurements of
deflections that become indispensable for this aim. New
technologies include intelligent robots that feature a high speed of
measurement and precision, laser image deflection measurement,
GPS satellite-surveying  systems, electro-optical imaging
deflection, wireless inclination sensor systems [2, 3] and
techniques of digital image correlation between images of
undeformed and deformed configurations [4]. In [5], for measuring
deflection and vibration of bridges a ground-based interferometric
radar is suggested. The maximum measurement range is equal to
1000 m and the errors of displacement radial component can reach
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0.1 mm. Most of the proposed methods are expensive or very
expensive.

The main characteristics of any bridge are dynamic
amplification factor (DAF), bridge natural frequency and bridge
acceleration [6]. The dynamic amplification factor can be
evaluated as the maximum total load effect divided by the
maximum static effect [7]

&
DAF =4, (1)

gslat

where ¢,,, — maximum dynamic response which is usually

determined as vertical deflection of the bridge surface due to

dynamic loads (for example, moving vehicles), &, —maximum

deflection under static loads (for example, immovable vehicles).

In [8], an optimal scheme for measuring DAF of a bridge using
radar is proposed. This radar measures the phase of reflected
electromagnetic wave in noisy environments. In its turn, the phase
depends on deflections of the bridge surface.

Increased measurement accuracy can be provided by using
measuring devices which operate on the different physical
principles. An optimal scheme for determining bridge surface
deflection by measuring it simultaneously with a mechanical
sensor and radar has been developed in [9]. Practically, operation
quality of such scheme does not depend on noise or interference.
Since radar-based methods use phase measurements that are
sensitive to moving both bridge and earth surfaces, seismic
fluctuations of the earth surface reduce the accuracy of the
deflections measurement due to traffic, for example. In addition,
DAF estimation (1) involves measuring static and dynamic
deflections that are separated in time due to technological reasons.
This fact imposes strict requirements to stability of radar frequency
that increases the cost of a measuring system.

Consequently, all modern measuring technologies for bridge
structures can be divided into three groups. The first group
includes the use of radar systems of millimeter and optical ranges
of electromagnetic waves [10-15] for estimation of deformations
and deflections of bridge elements, including stay-cables which
support the buildings. For this purpose, in particular, phase
interferometers with a high-resolution range are used. These
systems measure dynamic characteristics of bridge structures at
local points. The second group includes the use of opto-mechanical
systems of technical vision [16-18] followed by image processing
based on developed algorithms, which allows to analyze the
dynamics of bridge structures in distributed areas. These methods
do not determine the DAF. The third group is based on application
of the algorithms for processing GPS data with Kalman filtration
to obtain the value of the bridge DAF [19].

DAF measurement is performed at one point of the bridge
structure. To measure it at another point, it is necessary to change
the direction of the main maximum of the transmitting and
receiving antennas directivity pattern. The existing measuring
methods are not able to estimate the dynamics of deflection
changes in the entire lower surface of the bridge. In order to fix
that, a system for deflection measurements on the lower surface of
a bridge by creating, on the surface, an equidistant linear antenna
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array that re-radiates the incoming electromagnetic wave was
proposed in [1] (Figure 1). When the surface is bent due to the
process of bridge loading, the radiators also move together with it
and the ADP is distorted.

Py

Figure 1: The system of secondary radiators on the lower part of a bridge surface

The antenna directivity pattern is measured in far zone of the
antenna and then it is compared with the undisturbed one which
was previously measured in the absence of deflections on the
unloaded bridge. The integral of square of the difference between
the two ADPs creates a functional which depends on the
displacements of the secondary radiators at the deformed surface.
Minimization of this functional by the method of global random
search (using a genetic algorithm) leads to estimation of all the
displacements of radiators and, consequently, the deviation of the
points on the bridge surface. A similar method is used in [20] for
antennas synthesis and even earlier in solving the inverse problem
of measurement in linear inertial systems or systems with memory
[21].

Let us consider this method. In [1], the authors have developed
the functional,

2
j[gﬁ[ +27”l,~ cos 6’—27”si sin (9:|

— N

fm (9)_A§1Ai'e

i=0

J(so,sl,..sN,1)= do,

MK

(2)
in which s 0= 1,2,...N—1 is a deflection of the surface at the

point of the secondary radiator placing, f,, (6) — the measured
ADP of the radiators system from which the theoretical ADP of
the same system, that is described in (2), is subtracted.
For an unloaded bridge s, =0
J(so,sl,.,stl) ~0

s; # 0, there may be a difference between the two ADPs

of the radiators system. Minimization of the functional (2) using a
genetic algorithm results in the determination of unknown
deflections s, . It should be known, however, that formula (2) is the
only one and has N unknown deflections. Since the dependence
of the functional (2) on the deflections in the N
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space is complicated, it is possible to find a non-global, but a local
minimum of (2) which leads to incorrect ("phantom") solutions of
the deflections determination. One or more of them may have an
abnormal meaning. Since the deflections were fixed during the
simulation, the "phantom" solutions could easily be distinguished
from the correct ones. As shown in [1], when the ratio of the
distance d between the radiators to the wavelength 1 exceeds
0.5, a certain probability of "phantom" solutions begins to appear.

. . . . d
It may reach a value of 0.6 with an increase in the ratio n to one

and more. The reason for this phenomenon is the appearance of
array diffraction maxima and increased number of the local
extrema in the search space of genetic algorithm. Consequently,
"phantom" solutions can be almost completely eliminated by

. . . d -
rational choice of the ratio 7 of the radiating antenna array. In
addition, the use of a priori information about surface deflections
reduces their probability significantly, even when the ratio 7 is

large. This information is often known from previous bridge
research or can be obtained by other methods, for example, using
the measurements made by mechanical sensors.

It should be noted that instead of passive secondary reflectors,
one can use the antenna array of active radiators located at the same
points. However, the cost of such system is probably higher.

3. Results of Experimental Research

For experimental verification of this effect, a "Kredo"
coherent-pulsed radar with an electromagnetic wave length of 1.8
cm and a pulse duration of 0.4 ps (Figure 2) was used. The
experimental setup also included a digital oscilloscope DSO-2250,
USB (analogue-digital converter (ADC) with a sampling
frequency of 100 MHz) and a laptop. In Figure 2a, a photo of a
radar sounding path is shown, in Figure 2b — the placement of the
angle reflectors against the background of a reinforced concrete
wall, and in Figure 2¢ — the experimental installation. At a distance
of 0.7 m from a reinforced concrete wall and at a height of 1.5 m,
the array of five secondary radiators in the form of triangular horns
(Figure 2b) was constructed; the distance between horns was equal
to 1.5 m. The length of the horn side was 30 cm, and its depth was
15 cm.

The analog radar signals reflected from the horns were received
by a mirror antenna, converted to the intermediate frequency and
arrived at the input of the amplitude detector. The signal from the
output of this amplitude detector entered the ADC of the
oscilloscope, was converted into a digital code, and then into a text
file (file with extension .txt), which is available in various
computer mathematical packages.

To estimate the amplitude of reflected signals, an informative
signal (Figure 3) consisting of 200 points was cut out from a long
signal (5000 points). It corresponded to the distances at which the
angle reflectors were located. In Figure 3, a blanking signal (long,
up to a distance of approximately 80 m) which corresponds to the
duration of the sounding signal is displayed initially and then a
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signal (of a shorter duration), that describes the amplitude of the
signal reflected from the horns, appears.

Radar sounding path

Angle
reflectors

= , gm e
P Radar “Kredo””

Figure 2: Photographic scheme of the experiment:
radar sounding path (a); placement of the angle reflectors (b); general view of the
experimental installation (c)
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Figure 3: Distance distribution of amplitude of the signal received from angle
reflectors

During the experiment the following positions of the angle
reflectors were considered: a reinforced concrete wall without
reflectors (variant 1); five reflectors on the same line (Figure 2b)
(variant 2); one central reflector that was shifted forward by 20 cm
(variant 3); two reflectors (central and next to the right) were
shifted forward by 20 cm (variant 4); three reflectors (central and
two next to the right) were shifted forward by 20 cm (variant 5);
one reflector (rightmost) has been moved forward by 10 cm, two
reflectors (central and next to it to the right) were shifted by 20 cm
forward (variant 6); two rightmost reflectors were shifted forward
by 10 cm, the central reflector was shifted by 20 cm forward
(variant 7); three reflectors (central and two next to it to the right)
were shifted forward by 10 cm (variant 8).

The reflected signals for the above-mentioned variants of the
angle reflectors positions were recorded 10 times and then their
values were averaged. The obtained experimental data were used
to estimate the amplitude of the signals that were reflected from
the angle reflectors with different placements relative to each
other. The total field amplitude of secondary radiation of the horns
at a range of 85 m was measured using the radar. The field
amplitude at the radar receiver output was changed if any radiator
was shifted in the radial direction (toward the radar location), that
shows its sensitivity to movements of the radiators. For example,
in the above-described variants, the experimental values in volt of
the field amplitude were as follows: 1.16, 1.30, 1.39, 1.51, 1.39,
1.48, 1.40, 1.34. The shape of ADP of the secondary radiators
system in experiments was not measured.
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4. New Method for Estimating Bridges Surface Deflections

The problem of determination of the bridge surface deflections,
described above, is technically complicated. The practical
measurement of ADP for the secondary radiators system causes
the greatest difficulty. First, we need to measure the field
amplitude dependence on the angular coordinate, and it is not easy

to do near a real bridge. Secondly, the measurements should be
made in the far-zone of antenna at distance r. , calculated as two

squares of antenna size L divided by the wavelength 4. For
example, if L=30mand A=30cm, then r, 26 km and this

value of far-zone distance is impossible for practice. Of course,
with increasing wavelength and surface dimensions, whose
deformation is measured, there are other problems associated with,
for example, the efficiency of radiation of the passive elements of
array. Consequently, practical application of the method presented
in [1] is limited by the conditions of bridge sounding.

This problem can be solved on the basis of the amplitude-phase
(4;, ¢) distribution measurement in the near-field zone of the

antenna and obtaining the ADP of the radiators system on the basis
of these measurements. Such problems were solved by many
authors, for example, [22]. In practice, high-precision
measurements of the amplitude and phase of the field in real
weather and other conditions are complicated and expensive which
reduces the value of this approach. Consequently, simpler methods
of remote measurements of bridge surface deflections are required.
This forces us to give up high-precision measurements of the
amplitude and phase in the near-field zone of antenna.

The main idea of this article is to use only amplitude
measurements in the near-field zone of the radiators system. The
obtained data do not allow to determine the ADP but our task is to
estimate only the bridge surface deflections. In this case, there is
no need for complex operations of ADP measuring. Instead of
these operations, we use a linear receiving antenna consisting of
O receiving elements, for example, horns located at points

F,,(¢=12,.,0) (Figure 4) at the same distance & from each

other.

‘ Xo Py Py P, Pou Axis X
e

Figure 4: The layout of the receiving antenna array clements (points £, ) relative

to the radiating elements position (points M )
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The receiving element F, is located from the transmitting

element M, at a distance which is easily determined from the
geometry of Figure 4:

g == 80 + (30 +8-)2 +(d i (S, S0)* ~2A, X, . )

where A, =J(h—Sy)? + (% +q-6) \J(d i +(S,— S
V4 Xg+q-0

Y. =cos(=—arctg(=2
i 3 & h-S,

h — distance between the lower surface of a bridge and array of
receiving elements placed in parallel to the transmitting array;
S; —amplitude of a bridge surface deflection at the points M,

)~ arctg(S 50y,
d-i

1. e. in locations of radiators;
x, —distance between the origin of the coordinates and the first

in order of the receiving element £, .

The complex amplitude of field strength at the output of each
q receiving element is the sum of the fields created by all
transmitting elements and is determined by the known formula
[23] which for this case has the following form
. N-1 A - jz—”ri
E, = >te 41
=0 7;,

> “4)

where Al- = A7-ej¢i ;  4;,¢,— amplitude and phase of the field,

which is created by the i radiator (further, for simplicity, initial
phase field is taken equal to zero, i.e. ¢, =0).

We believe that all secondary radiators ADPs are equal and
wide so that the extreme elements of the transmitting array
irradiate all elements of the receiving array by energetically
equivalent waves. The amplitude 4; of the field in the simulation

was the same. Thus, the distance (3) makes the largest contribution
to the total amplitude distribution of field strength. The amplitude
of the field created by the secondary radiators at an unloaded
bridge is determined similarly (4)

te A ®)

where the upper index "0" indicates variables describing the
position of radiators on an unloaded bridge, the surface shape of
which is not necessarily a plane. These variables are easy
determined before carrying out measurements. Due to the
specificity of the problem geometry (Figure 4), the amplitudes of
field strength will be different at the output of every receiving
element. After the bridge loading the deflections s;
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clements £, depend only on the distances 7, containing the
deflections. The simulation was carried out in several stages:
e Determination of the field amplitudes Eg at the outputs of

the receiving elements of the array for an unloaded bridge,
provided that the distances 7, are given;
e Measurement of deflections s; by mechanical sensors. In

this article the typical values of bridge deflections were set
by authors;
¢ Determination of the field amplitudes E, at the outputs of

the array receiving elements for a loaded bridge, provided
that the distances 7, and the deflections s, are specified.

Thus, amplitudes of the field at the outputs of receiving
elements of the array for an unloaded bridge and a loaded one were
obtained in the simulation process for different conditions. It was

further assumed that the deflections S;, which were previously

given, are now unknown. To determine these deflections and
compare them with the given ones or for this case with reference
deflections, a functional was composed:

J(so,sl,..sN,l)z‘EZ—Eq‘:>min (6)

It is minimized with the help of a genetic algorithm by variations
on S;. As a result, the “unknown” values of the bridge surface

deflections were determined.
5. The Simulation Results

In Figure 5, 6 normalized field amplitudes at the outputs of the
receiving antenna array elements located at distances # =10 m

(Figure 5) and 7 =50m (Figure 6) from the lower surface of a
bridge are presented. The length of the electromagnetic wave was
A =20 cm. Similar figures for the wavelength 1 =5cm are
shown in Figures 7, 8.
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Figure 5: Normalized field amplitude at the outputs of the array receiving
elements for an even (solid line) and deformed (dotted line) bridge surfaces for
A=20cm, ~=10m
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Figure 6: Normalized field amplitude at the outputs of the array receiving
elements for an even (solid line) and deformed (dotted line) bridge surfaces for
A=20cm, =50 m
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The genetic algorithm in the process of its work “deforms” the
dotted line in such a way that it takes a place of the continuous line.
Since the latter is obtained for an unloaded bridge, the algorithm
actually reduces existing deflections s; almost to zero and at the

same time determines their absolute values. In this case, the errors
of these deflections determination arise. For modeling, the bridge
surface deflections in millimeters were selected by authors as
follows: s, =0, 5,=5, s, =4, 53=7, 5,=06, 55=4, 55=2,
s; =3, sg=4, sqg=2. The profiles of the deformed bridge

surfaces and the profiles of the reconstructed surfaces that were
determined by the genetic algorithm, are shown in Figure 9.
Between them, there is some discrepancy which was interpreted as
an error of deformed surface restoration.

7

Bridge surface deflection (rmm)

Specified bridge deflection values
: : ; — == Computed bridge deflection values
D 1 1 1 I I I I I
1 2 3 4 5 B 7 g 9 10
Radiating element number

Figure 9: The profile of the deformed bridge surface (solid line) and the profile of
the surface that was determined by genetic algorithm (dotted line)
The dependence of relative errors of surface profile restoration
on the number of receiving elements in array for different
wavelengths is shown in Figure 10.

——3%=0.002 (m)
* —==3%=002 (m)
WF R N : =02 m)
5 b : =="i=2(m)

Relative error (%)

Mumber of receiving elements

Figure 10: Dependences of the relative errors of the bridge deformed surface
profile restoration on the number of receiving elements in array for different
wavelengths
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In the centimeter and decimeter range of wavelengths the
relative errors of bridge surface profile determination are
decreased with the increase in array receiving elements number
and when the number 10 of receiving elements is exceeded, these
errors are less than 10%. This quantity is limited in practice by
reception conditions, because the method requires that all elements
must receive the radiation from all transmitting elements. Relative
error also depends on the wavelength which is used for radiation
(Figure 11). The number of receiving elements is equal to 10.

For each bridge the dependence (Figure 11) will be different
but there always is a wavelength range which provides the
minimum error of the bridge surface deflection determination.

60
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Relative error (%)

el T

D i 1 | I i 11 1i 1 i
10° 10° 10" 10 10
Wavelength (m)

Figure 11: Dependences of the relative errors of the bridge deformed surface
profile restoration on the wavelength: blue line — 2 =50 m, 6 =3 m; red line —
h=100m, 6=2m

Dependence of the relative errors of the bridge surface profile
restoration on signal / noise ratio is represented in Figure 12. A
deterministic signal describing the field amplitude and a white
noise of different intensity were added in simulation. In this case
the work of the genetic algorithm for finding the global minimum
became more complicated.
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The signal-to-naise ratio

Figure 12: Dependence of the relative error of the bridge deformed surface
restoration on the signal-to-noise ratio
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The dependence of the "phantom" solutions probability on the
. d . L . .
ratio I , that is, on the electrical distance between the radiators, is

shown in Figure 13. Figure 14 demonstrates similar dependence
on the number of receiving elements. The wavelength was 20 cm,
and the distance between the lower surface of the bridge and the
receivers was 50 m.
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Figure 14: Dependence of “phantom solutions” probability on the number of
receivers

The solution was considered as “phantom” one if the error of
the bridge deformed surface restoration exceeded 10%. Figures 13
and 14 impose requirements for the number of radiators and
receiving elements of the appropriate antenna arrays. Increased
number of secondary radiators not only improves the quality of the
curved surface profile measurement, but also significantly reduces
the probability of the “phantom” solutions.

In the article, the problem of bridge surface deflections
determination was solved for simplified conditions in the absence
of radio waves reflection from the concrete part of the bridge
surface and other parts, neglecting the influence of the steel
elements of the reinforced concrete structure, etc. However, one

www.astesj.com

should expect that the approach proposed in the article will not
change. Indeed, in the process of the field amplitude measuring at
the outputs of receiving elements of the array at an unloaded
bridge, all the influencing factors which remain at a loaded bridge,
will be taken into account. The difference between these fields
appears only in the presence of bridge deflections in the second
case. Hence the functional (6) will probably remain the same, that
is, the method is expedient to implement in real conditions, too.
However, the errors estimation for bridge surface deflections
restoration in such conditions remains a challenging problem.

6. Conclusions

New methods for measuring surface deflection of bridges and
other large objects were discussed in the paper. It is based on the
processing of measurement information about the electromagnetic
field amplitude which can be obtained from systems of secondary
(passive) radiators (reradiators) or active radiators installed on the
lower part of the bridge. The measuring information is obtained at
the output of the receiving elements of a linear antenna array which
can be installed at any convenient distance from the lower part of
the bridge. Minimization of the functional developed in the study
allows us to obtain numerical data on the movement of radiators,
as well as the deflection of the entire surface of the bridge
respectively. The paper defines the conditions under which the
errors of deflections restoration in the process of the functional
minimizing do not exceed the permissible ones. They depend on
the electromagnetic wave length, the geometry of placement of the
radiators and receiving elements, as well as on the level of noise in
the measurement location. The application of a global random
search of the functional extremum (using genetic algorithms) for
the global minimum determination in certain situations leads to
appearance of wrong (“phantom”) solutions when the genetic
algorithm finds the minimums that are not global
Recommendations to limit the probability of obtaining "phantom"
solutions to a value of zero were also discussed. A mathematical
model of electromagnetic waves scattering was made according to
a simplified scheme, which did not take into account the reflection
from the concrete surface of the bridge and other elements. The
consideration of these factors will not make any significant
changes to the principle of surface deflection determination, since
in any case surface deflections certainly lead to a change in the
field amplitude in the observation point, and these changes are the
basis for determining deflections. The sensitivity of the field
amplitude to the displacement of secondary radiators is proved in
the paper experimentally. The proposed method can be used for
determination of deflections of other large objects.
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