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Abstract: Measurements of displacements of bridges under dynamic load are particularly difficult in
the case of structures where access to the area under the tested structure is impossible. Then, remote
measurement methods are preferred, such as interferometric radar. Interferometric radar has high
accuracy when measuring displacement in the direction of its target axis. The problems appear when
a bridge vibrates in two directions: horizontal (lateral or longitudinal) and vertical. The use of one
radar to measure those vibrations may be impossible. This paper presents the application of a set of
two interferometric radars to measure vertical vibration and horizontal longitudinal vibration with
high accuracy. The method was positively verified by experimental tests on two railway bridges
characterized by different levels of horizontal displacement. The accuracy of the radar measurements
was tested by the direct measurement of vertical displacements using inductive gauges. In conclusion,
in the case of vertical displacement measurements using one interferometric radar, the influence of
horizontal displacements should be excluded. In the case of locating radars at the area of bridge
supports, it is necessary to either use a set of two radars or first investigate the magnitude of possible
horizontal displacements in relation to vertical displacements.

Keywords: bridge monitoring; interferometric radar; remote measurements; dynamic vertical and
horizontal displacements

1. Introduction

Theoretical and experimental analysis of the displacements of bridge structures under
static and dynamic load is important in SHM (structural health monitoring) or bridge load
testing. With the developments of SHM systems, the deflection caused by the live load of
bridges can be studied based on high-quality monitoring data from advanced deflection
sensing systems [1]. The bridge displacement response is primarily sensitive to the stiffness
of the bridge, whereas the acceleration response is affected by many other parameters, so
bridge dynamic displacement is more suited than acceleration for updating railway bridge
stiffness [2]. Accurate measurements of deflections are also important in the validation of
road bridge models [3].

Displacement measurements under dynamic load are much more difficult to perform
than measurements under static load. These measurements are particularly important when
the structures are subjected to significant dynamic loads, such as railway bridges [4-6],
or are susceptible to dynamic impact due to applied structural solutions, such as slender
footbridges [7-9]. Measurements of displacements under dynamic load are particularly
difficult in the case of structures where access to the area under the tested structure is
hindered or impossible (bridges over busy roads, railway lines or rivers). In such cases,
remote measurement methods are preferred, e.g., vision-based methods [10-14] or methods
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using inertial sensors (inclinometers and accelerometers), which do not require reference
points [15-18].

Interferometric radar seems to also be a very good tool for remote measurements of
displacements [19-27]. Interferometric radar has high accuracy when measuring displace-
ment in the direction of its target axis. Displacements in the direction of interest (lateral or
vertical) are determined on the basis of geometric relationships. The closer the vibration
direction is to the direction of the target axis of the radar, the higher the accuracy of the
radar measurements. The problems appear when a bridge vibrates in two directions: hori-
zontal and vertical. The use of one radar to measure those components of vibration may be
impossible. This paper presents the application of a set of two interferometric radars to
measure vertical vibration and horizontal longitudinal vibration with high accuracy.

2. Method
2.1. Purpose of the Thesis

In the case of vertical displacement measurements using interferometric radar, the
most accurate results are obtained when it is possible to position the radar directly under
the tested point of the bridge. Then, the range direction will be vertical and measured
displacements will be determined directly. In the case of when we do not have access to
the area under the tested point of the structure, we have to set the range direction at an
angle to the measured vertical displacements (Figure 1).

Figure 1. Vertical displacement measurement using one interferometric radar in the case of simul-
taneous horizontal displacement: 1—interferometric radar; 2—tested element of bridge; d—total
displacement; d,—vertical component of total displacement; dy—horizontal component of total
displacement; d,—displacement in the range direction; d, .,—calculated vertical displacement;
R—radar distance from the tested point in the target axis; H—distance from the tested point in

vertical direction.
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The actual vertical displacement d, will be calculated as d, ... based on the geometry
of the system and assuming zero horizontal displacement dy, according to the formula [23]:

R
dz_calc = ﬁ dr- (1)

The horizontal displacement shown in Figure 1 has been scaled for clarity of the
figure. In most cases, longitudinal (in the horizontal direction) displacements are much
smaller than vertical displacement values. In some cases, the lateral (in the horizontal
direction) displacement of the bridge can take on significant values relative to vertical
displacement. This may occur, for example, on railway bridges [28,29] or on slender
footbridges [30,31]. Errors resulting from the failure to consider horizontal displacement
when determining vertical displacement using interferometric radar are pointed out in [32].
Errors can be significant when the detected scatter point is far from the so-called “neutral
axis” of the bridge. It has been experimentally shown in [33] that the determination of only
one component of displacement can lead to significant errors.

Based on the diagram shown in Figure 1, the Interpretation Error Ej of determining
the vertical displacement associated with the failure to consider the second component of

displacement was calculated:
Ay calc — 4
E — z_calc Z . 2
e @)
Figure 2 shows the relationship between error Ef on the ratio R/H (radar distance from
the tested point in the target axis/distance from the tested point in the vertical direction) at
the different levels of the ratio L/V (longitudinal or lateral/vertical displacement). The
error E; was determined in the range from R/H =1, i.e., for optimal radar positioning
under the tested point of the structure, to R/H =5, i.e., at the maximum recommended
ratio still allowing us to obtain displacement determination errors below 1.0 mm [34].
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Figure 2. Relationship between the Interpretation Error Ey and the R/H ratio (radar distance from
the tested point in the target axis/distance from the tested point in vertical direction) at the different
levels of the ratio L/V (horizontal, longitudinal or lateral displacement/vertical displacement).
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As can be seen from the diagram (Figure 2), the error values caused by the omission
of the occurring horizontal displacements in the determination of vertical displacements
are significant values. For example, for horizontal displacements equal to 0.01 of vertical
displacements and with the radar setting at a vertical distance equal to 1/5 of the radar
distance, the error Ey will be equal to ca. 5%, and for horizontal displacements greater than
0.20 of vertical displacements, the error E; will exceed 10% at almost all settings of the
radar (excluding vertical targeting). Such significant error values can make it practically
impossible to compare the measured values with the calculated ones and to properly
evaluate the tested structure. It should be emphasized that the total error of vertical
displacement measurement with the use of interferometric radar should also include
components related to the accuracy of displacement measurement in the target axis and the
accuracy of determining the geometry of the system. In the case of horizontal displacements
and their omission in the calculation of vertical displacements, in most cases the Ej error
component will be dominant.

For these reasons, the main objective of the presented project is to increase the accuracy
of vertical displacement calculations using interferometric radar by the simultaneous
measurement of vertical and horizontal displacements.

In order to achieve the aforementioned objective, the following activities were car-
ried out:

e Analysis of existing solutions for measuring displacements in two or three directions
using interferometric radars.

e Development of a method of measuring displacements in two directions using the
existing set of two interferometric radars.

e  Conducting comparative research using the set of two radars and the reference method.
Research is planned on bridge structures with different levels of horizontal displace-
ment in relation to vertical displacement.

e  Analysis of comparative research results.

2.2. Proposed Methodology

Several papers can be found in the literature on different solutions for measuring
displacements in two or three directions using interferometric radar. A multi-monostatic
radar for retrieving the displacement in two directions is presented in [32]. A multiple
input, multiple output (MIMO) interferometric radar equipped with a transponder and
that consisted of a pair of antennae, with amplifiers, was connected to the radar with
a radiofrequency cable. This solution allowed for the simultaneous detection of two
directions of displacement components. The radar was successfully tested both in a
controlled environment and in the field on a real, 127 m long bridge. In [35], a similar
technique is presented to monitor the three-dimensional displacement vector of a bridge
with the use of a monostatic/bistatic radar. Two single transponders consisted of an
antenna and an amplifier, and they were connected to the (MIMO) interferometric radar
with a radiofrequency cable. The method was tested on a real bridge, and for the first time
the 3D displacement vector was successfully detected by a radar system.

In [36], a technique to estimate 2D or 3D vibrations by using two or three synchronized
radars and at least two fixed calibrators is presented. An example of retrieving 2D millimet-
ric displacements with very low errors was shown in a controlled laboratory experiment
with application to pipe vibration monitoring. In [37], the advanced processing steps were
applied exemplarily on measurements with two sensors at a prestressed concrete, 26 m
long bridge. The external influences were successfully removed, and two components of
the three-dimensional displacement vector were determined. A measurement uncertainty
of less than 0.1 mm was achieved for the discussed application.

In [38], the applications of one or a set of two interferometric radars for measuring the
lateral vibration of railway bridges are presented. Continuation of that work related to the
simultaneous use of two interference radars is presented by the authors in this paper. It is
an attempt to solve the task of the two-way measurement of bridge elements.



Remote Sens. 2021, 13, 3668

50f18

The application of a set of two independent interferometric radars is the main novelty
and difference of the system presented here relative to a multiple input and multiple output
interferometric radar, described in [32] or [35]. This makes it possible to locate two radars
at a greater distance between each other than a radar and transponder connected with a
radiofrequency cable (25 m length). The second novelty resulting from the first one is the
possibility of locating two radars at the opposite sides of the tested point—for example, at
both river sides.

The main difference relative to the method presented in [36] is no need for hardware
radar synchronization and no need for two or three closely spaced radars, which may be
difficult in the case of most bridges. In [37], the different scenarios of two radar placements
are presented, but the test performed at the bridge concerned the possibility of separating
transversal and vertical displacement. The longitudinal component was assumed to be
insignificant compared to the other two components.

At the system presented here, the measurement on two appropriately selected target
directions will enable precise measurement of the components of vertical and horizontal
displacements. It was assumed that the radars must be located in one plane (determined
by both directions of vibrations—vertical and horizontal) but they can be situated on one
side of the tested element (e.g., on one bank at different heights—Figure 3a) or on both
sides of the tested element (e.g., on both banks of the river—Figure 3b).

H1

I 7

(b)

Figure 3. Vertical and horizontal displacement measurement using a set of two interferometric
radars: (a) two radars at the same side of measured element, (b) two radars at both sides of measured
element; 1 and 2—interferometric radars, 3—tested element of the bridge, —total displacement,
d,—vertical component of total displacement, dy—horizontal component of total displacement, d;q
and dy,—displacements in the range direction, R1 and R2—radar distance from the tested point in
the target axis, H1 and H2—distance from the tested point in vertical/horizontal direction.
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The first radar, if possible, should have a target axis oriented towards the measurement
of vertical displacements and the second radar should have a target axis oriented towards
the horizontal (lateral or longitudinal) direction (Figure 3a).

The displacements in the direction of the target axes d;; and d,, are described by a
system of two equations:

e In the case of the location on one side of the tested element:

dy = dy - cos(ay) +d; - sin(a)
dip = dy - cos(az) 4 d; - sin(ay)

, ®)

e In the case of the location of radars on both sides of the tested element:

dy = dy - cos(ay) 4 d, - sin(a) @
drp = —dy - cos(az) +dy - sin(az)
Vertical displacements d, and horizontal displacements dy are determined based on
the solution of this system of two equations:
e In the case of the location of radars on one side of the tested element:

do — —dyq-sin(ap)+dyp-sin(aq)

y— sin(le)-cos(azg—sin(ocz)cos(ucl) (5)
d, — dyp-cos(ay)—dy1-cos(ay) ’

2 ™ — sin(aq)-cos(ap)+sin(ap)-cos(aq)

e In the case of the location of radars on both sides of the tested element:

do — dpq-sin(ap)—dp-sin(a)
Y 7 sin(ay)-cos(ap)+sin(ay)-cos(aq) (6)
d, = dyp-cos(aq)+dy -cos(ap) :

sin(aq)-cos(ap)+sin(ap)-cos(aq)

The diagram for determining vertical and horizontal displacements on the basis of
displacement measurements d,; and d;, from two independently measuring and recording
interferometric radars and distances R1, H1 and R2, H2 includes the following stages:

1. Selecting the structure element to be observed using additional reflective elements or
structure elements directly.

2. Setting up both radars according to Figure 3a or Figure 3b.

3. Rl and R2 readout from both radars correlated with manual measurement of the

radar—tested point distance using a laser rangefinder.

Measurement of H1 and H2 using a laser rangefinder.

Simultaneous measurement as a function of time of displacements d,(f) by radar

No. 1 and d;»(t) by radar No. 2.

After the completion of the measurement, low pass filtration of d,(t) and dy»(f).

Alignment of the sampling frequency of displacements d1(t) and dy(t).

Time synchronization of both displacements d,(f) and d;,(t).

Determination of d,(t;) and dy(t;) values for each pair of d;1(t;) and dy»(t;) readouts

using Equations (5) or (6).

O1

0PN

2.3. Bridges Selected for Verification Tests

Verification tests were conducted on two railway bridges characterized by different
levels of horizontal displacement. Because of the necessity of verifying radar measurements
by direct measurement of vertical displacements, spans located on the floodplain were
selected for testing. The inductive gauges were located at that area under the bridge with
the use of the tripods. The wires were attached at one end to a tested point of the span
(girder) and the other end to a spring fixed to the ground at the sensor location point. The
sensors were attached to the wires. The first selected bridge has a truss structure and is
characterized by significant values of vertical and horizontal displacement along the bridge
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axis, especially under freight train traffic. The bridge is also crossed by passenger trains
at speeds up to 50 km/h. The second bridge has an arch structure and is characterized
by much smaller vertical displacements and minimal horizontal displacements along the
bridge axis. Passenger trains at speeds of up to 200 km/h pass over the bridge.

2.3.1. Test Bridge No. 1

The bridge consists of two single-track structures, each with 7 simple-supported spans
of 66.00 m length (Figure 4). They are truss structures with railway at the upper truss chord
on the bridge sleepers.

Figure 4. View of bridge No. 1.

Using the numerical model of the truss span structure, theoretical vertical and hori-
zontal displacements along the bridge were determined during the recorded passage of
the set of two coupled locomotives. Figure 5 shows the distribution of extreme vertical
displacements along the span (on the horizontal chord of the lower girder) and the cor-
responding distribution of horizontal displacements and L/R ratio. Due to the minimal
vertical displacements near the supports, the L/V diagram does not include the beginning
and end of the span.

5r ' :
NN —
—_ ol | _0‘5
o\ N\
E 10 | |
[2] ) -\- ‘
g 151 P _03%
& / m
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[a] | ‘,
| rd
25+ | “ | _0‘1
-30 2 — :
.35
0 33 |

|- - -horizontal — vertical - Ratio LIR

Figure 5. Results of calculation for passage of two coupled locomotives: left axis—the calculated
extremal vertical and simultaneous horizontal displacement along the span; right axis—ratio L/V.

Distance from the support [m]
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Figure 6 shows the spatial deformation diagram for deformations of the 3/4 length of
the span from fixed bearing and 1/4 length of the span length from the movable bearing
side. As can be seen, the horizontal displacement of the crossbeam is due to the rotation of
the section and the displacement of the structure on the movable bearing.

cutting plane 7 - -

(b)

Figure 6. Results of the calculation for passage of two locomotives: (a) deformations of the 3/4 length
of the span (from fixed bearing); (b) deformations of the 1/4 length of the span (from movable
bearing); the vertical and horizontal displacements of the point on the cross bar are marked (scale of
the graph (b) is greater than scale of the graph (a)).

2.3.2. Test Bridge No. 2

The bridge consists of two independent structures, for each of the two tracks. The
tested span is 51 m (Figure 7). They are arch structures with railway at the ballasted deck.

Analogically to the previous bridge, using the numerical model of the span structure,
theoretical vertical and horizontal displacements along the bridge were determined during
the recorded passage of a multiple-unit passenger train (Figure 8).
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Figure 7. View of bridge No 2.
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Figure 8. Results of calculation for passage of multiple-unit passenger train: left axis—the calculated
extremal vertical and simultaneous horizontal displacement along the span; right axis—ratio L/ V.

3. Results
3.1. Tests on Bridge No. 1

The tests were conducted in two spans on the floodplain on both banks of the river. The
cross-sections selected for measurement were those in the area of 16.5 m from the movable
bearing (cross-section No. 1—Figure 9) and 22.0 m from the fixed one (cross-section No. 2).
Crossbars at the bottom chord level were used as reflecting elements.

The parameters of radar locations were:

Cross-section No. 1:

2P0: R1=9.0m,Hl1 =6.6 m,R1/H1=1.36; R2=14.3m, H2 =4.6 m, R2/H2 = 3.11
Cross-section No. 2:

1P1: R1=14.3m, H1 =114 m, R1/H1 = 1.25; R2 =20.3 m, H2 =5.5m, R2/H2 = 3.69

2P0: R1=12.0m, H1 =73 m, R1/H1 =1.64; R2=20.3 m, H2 =5.5m, R2/H2 = 3.69
Marks: 2P0—radar No. 1 and radar No. 2 at the same side of the tested point;

1P1—radar No. 1 and radar No. 2 at the opposite side of the tested point.

The 30 Hz low pass filter was applied after registration.

During the comparative research, 12 train passages were recorded; the most character-
istic one was the passage of a cargo train, which caused the largest vertical displacements
and longitudinal displacements (Figure 10).
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(a) (b)

Figure 9. Bridge No. 1—test at cross-section No. 1: (a) 1—radar No. 1, 3—inductive transducer for the reference
measurement; (b) 1 and 2—radar No. 1 and No. 2.

For the extreme value of vertical displacement in Figure 10, if single radar measure-
ments were carried out, the absolute and relative deviations of extreme vertical displace-
ment from the reference measurement would be equal to 6.25 mm (27%) in the case of
radar No. 1 and 19.67 mm (84%) in the case of radar No. 2. The error values determined
this way using single radars are consistent with values of the interpretation error Ey from
Figure 2—at the ratio L/V ~ 0.3 and R/H = 1.4 E; = 28% and at R/H = 3.1 equals E; ~ 88%.
Applying the determination of vertical displacements on the basis of measurements from
both radars reduced the deviations to 0.46 mm (2%). The estimated uncertainty value of the
reference measurement was about 0.30 mm, which confirms that the measurements using
the set of two radars are consistent with the reference measurement. The extreme values of
vertical displacements and the corresponding horizontal displacements during the passage
of a cargo train are close to those calculated theoretically at a distance of 16.5 m from the
support due to the passage of two locomotives (Figure 5). The extreme vertical displace-
ments determined from the measurements account for 95% of the calculated displacements
and the longitudinal displacements for 88% of the calculated ones.
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Figure 10. Bridge No. 1—an example of an analysis of a cargo train passage: (a) displacements in
the range direction measured by single radars No. 1 and No. 2 before synchronization; (b) vertical
displacement measured by single radars No. 1 and No. 2 and the reference vertical displacement
measurement; (c) vertical and horizontal displacement calculated based on two radars” (No. 1 and

No. 2) measurements and the reference vertical displacement measurement; scale of the graph (b) is
two times scale of the graph (c).
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3.2. Tests on Bridge No. 2

Tests were conducted in a span on the floodplain. The cross-section selected for
measurement was the one in the vicinity of 1/4 of the span near the movable bearing
(Figure 11). Crossbars at the deck level were used as reflecting elements.

Figure 11. Bridge No. 2; 1—radar No. 1, 2—radar No. 2, 3—inductive transducer for the refer-
ence measurement.

The parameters of radar location were (two locations of radar No. 2):

1P1: R1=122m,H1 =5.7m, R1/H1 =2.15;R2 =99 m, H2 = 6.4 m, R2/H2 = 1.56;

1P1: R1=122m,H1=57m,R1/H1 =215 R2=84m, H2 =6.4m, R2/H2 =1.32.

Marks: 1P1—radar No. 1 and radar No. 2 at the opposite side of the tested point.

The 30 Hz low pass filter was applied after registration.

During the comparative research, eight train passages were registered; the most
characteristic one was a multiple-unit passenger train (ED250—Pendolino) with a speed
above 200 km/h (Figure 12).
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Figure 12. Bridge No. 2—an example of an analysis of a multiple-unit passenger train passage:

Time [s]

(a) displacements in the range direction measured by single radars No. 1 and No. 2 before synchro-
nization; (b) vertical displacement measured by single radars No. 1 and No. 2 and the reference
vertical displacement measurement; (c) vertical and horizontal displacement calculated based on two
radars’ (No. 1 and No. 2) measurements and the reference vertical displacement measurement.
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For the extreme value of vertical displacement in Figure 12, if single radar measure-
ments were carried out, the absolute and relative deviations of extreme vertical displace-
ment from the reference measurement would be equal to 0.09 mm (3.3%) in the case of
radar No. 1 and 0.10 mm (3.7%) in the case of radar No. 2. Applying the determination
of vertical displacements on the basis of measurements from both radars reduced the
deviations to 0.06 mm (2.4%). The estimated uncertainty value of the reference measure-
ment was about 0.10 mm, which confirms the consistency of both measurements with
the use of single radars and measurements with the use of a set of two radars with the
reference measurements.

The values of the Interpretation Error with the use of single radars from Figure 2 were:
at ratio L/V =~ 0.1 and R/H =2.2 E; = 9.7% and at R/H = 1.6 equals Ej ~ 3.3% and at
R/H = 1.3 equals E; =~ 4.4%. These values are close to the deviation from the reference
measurements, i.e., the errors resulting from the omission of horizontal displacements are
not dominant in this case.

The extreme values of vertical displacements and the corresponding horizontal dis-
placements during the passage of a multiple-unit passenger train are close to those calcu-
lated theoretically at a distance of 12.75 m from the support (Figure 8). The extreme vertical
displacements determined from the measurements account for 102% of the calculated
displacements and both measured and calculated longitudinal displacements are below
the value of 0.1 mm.

3.3. Summary of Results

In the case of both bridges, for all train passages recorded during the comparative
research, the extreme values of vertical displacements were determined using single radars
and using synchronized results from two radars. Absolute and relative deviations from
reference measurements were determined. The results were collected for trains inducing
similar vertical displacement values and are presented in Tables 1 and 2.

Table 1. Bridge No. 1—summary of comparative research (cross-section No. 1: trains 1 and 2, cross-section No. 2:

trains 3 and 4).

Extremal Measurement Results (mm)

Trains dr1 . dra, d,
(1) Separate locomotive and cargo or passenger wagons —29.65 —43.07 —23.87
(2) Multiple-unit passenger train —13.08 —19.01 —10.45
(3) Separate locomotive and passenger wagons —-17.4 —13.2 —-16.7
(4) Multiple-unit passenger train —11.60 —9.64 —12.89
. Extremal Deviation to Reference Measurements (mm)
Trains | d _d I
11z, 127, 7) ref z
(1) Separate locomotive and cargo or passenger wagons 6.25 19.67 0.47
(2) Multiple-unit passenger train 2.67 8.60 0.14
(3) Separate locomotive and passenger wagons 0.94 3.30 0.20
(4) Multiple-unit passenger train 1.05 3.02 0.26
. Extremal Relative Deviation to Reference Measurements
Trains
| drlz, 12z,7) drefz 171 drefz [
(1) Separate locomotive and cargo or passenger wagons 27% 91% 2%
(2) Multiple-unit passenger train 26% 83% 0%
(3) Separate locomotive and passenger wagons 6% 20% 1%

(4) Multiple-unit passenger train 9% 24% 3%
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Table 2. Bridge No. 2—summary of comparative research.

Extremal Measurement Results (mm)

Trains dr12 dr2, d,
(1) Separate locomotive and passenger wagons —6.39 —6.40 —6.40
(2) Multiple-unit passenger train —2.81 —2.82 —2.82
3 Extremal Deviation to Reference Measurements (mm)
Trains
[ drlz, 12z,7) — drefz I
(1) Separate locomotive and passenger wagons 0.19 0.15 0.14
(2) Multiple-unit passenger train 0.10 0.18 0.14
A Extremal Relative Deviation to Reference Measurements
Trains \d dregy |/ dres |
11z, 12z,z) — Yrefz ref z
(1) Separate locomotive and passenger wagons 3% 3% 2%
(2) Multiple-unit passenger train 4% 7% 5%

4. Discussion

In the case of both examined cross-sections of bridge No. 1, the extreme relative
deviations from the reference measurements of vertical displacement in the case of a single
radar located more preferably for the measurement of vertical displacements were from 6%
to 27%, and in the case of a single radar located more preferably for the measurement of
longitudinal displacements they were from 20% to 91%. Such errors make it impossible
to correctly calibrate the structure model and were unacceptable for the SHM analysis.
Only the application of a set of two radars reduced deviations to acceptable values—below
0.5 mm (below 2.1%).

In the case of determining vertical displacements in the middle of the span and the
vertical distance of the radar from the tested point of the structure equal to ca. 8 m, the error
caused by using one radar on the basis of data from Figures 2 and 5 may be estimated as
20%--30%, which is an unacceptable value. To sum up, in the case of the structure of bridge
No. 1 and practically every tested cross-section as well as conducting measurements from
the vicinity of supports, it is not possible to obtain sufficient accuracy of measurements and
analyses without the use of a set of two radars. A precise measurement with only one radar
would be possible only if the instrument is placed directly below the measurement point.

In the case of bridge No. 2, the deviations of the measurements made by single radars
were below 0.20 mm, and after applying the set of two radars they were below 0.15 mm.
Taking into account the estimated uncertainty values of the reference measurements at
the level of 0.10 -+ 0.20 mm, it should be considered that the results of all measurements
are fully consistent. Due to the low values of measured displacements, the percentage
deviations are ancillary in this case.

Summarizing the results of the comparative research, it can be stated that the method
with two radars can be applied to bridges with significant vertical displacements, such as
bridge No. 1 (maximum displacement from a freight train approx. 25 mm), and bridges
with much smaller displacements, such as bridge No. 2 (maximum displacement from
the multiple-unit train below 3 mm). The method can be used at bridges with a different
level of longitudinal relative to vertical displacements. The determined courses of vertical
displacements were consistent with the courses of comparative tests both in the case of
bridge No. 1 (maximum value of longitudinal displacements around 30% of vertical)
and bridge No. 2 (maximum value of longitudinal displacements below 1% of vertical
displacements).

In the case of bridge No. 1, the estimated accuracy (as an uncertainty value) of vertical
measurement could be below 0.4 mm, and in the case of bridge No. 2 measurement could
be below 0.1 mm. Such low values of the estimated accuracy of determining vertical
displacements can be treated as a confirmation of the effectiveness of minimizing the
Interpretation Error of determining the vertical displacement caused by the failure to
consider the simultaneous longitudinal displacement.
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Comparative research has not been conducted in the case of longitudinal measure-
ments. Considering the location of both radars (one radar located more preferably for
the measurement of vertical displacements and the other one for longitudinal displace-
ments, or both equally), we can assume approximate accuracy for the measurement of
longitudinal and vertical displacements. According to our experience and [34], the radar
would be located more preferably for the measurement of vertical displacements when
R/H is in the range from 1 (the best position) to 5 (the worst acceptable position), and for
the measurement of horizontal displacements when R/H is in the range from oo (the best
position) to 1.02 (the worst acceptable position).

An important issue is selecting the structure element to be observed by two radars
when that element is used directly as a reflector (without additional reflectors). The
deformation of this bridge element should be consistent with the global deformation of the
structure and not result from local deformation of the bridge elements. In the case of both
examined bridges, this was ensured due to the symmetrical load in the transverse section
(because of one railway line at the bridge deck).

The fact of observing the same element of the structure by both radars should be
confirmed by aiming in the direction of both radars’ line of sight by the manual laser
rangefinder. The measured ranges of line of sight from both radars should be equaled with
results of measurement with the use of a laser rangefinder.

Radars should be as far apart as possible to avoid mutual interference of the same
frequency band. It is natural when radars are located at both sides of the element, and
it is also easy to achieve when two radars are located at one side of the tested element
measured. Only in some cases it was necessary to apply manual correction and shift of one
signal in relation to the other.

For both bridges and for most of the recorded signals, the automatic time synchroniza-
tion of two radars in offline mode was possible on the basis of the times of the extremum
appearance. Only in some cases it was necessary to apply manual correction and shift of
one signal in relation to the other.

The developed method seems to be competitive with other methods of measuring
displacements in two directions due to the use of two independent radars. Synchronization
of the recorded courses of displacements is performed after the measurement is completed.
The application of the method should not be limited by the possible distances between the
radars. We foresee further works being carried out related to measurements at considerable
distances between located radars, for example, on both banks of the river as well as to
improve the system of identification of points measured by radars and the measurement of
their height with the use of laser rangefinders or scanning total stations.

5. Conclusions

The presented method was positively verified by experimental tests on two railway
bridges. In the case of a truss bridge with significant values of vertical and horizontal
displacements, only the application of the set of two radars led to the conformity of
measurements with the reference measurements. In the case of the arch bridge, both
measurements with single radars and with the set of two radars were consistent with the
reference measurements.

In conclusion, in the case of vertical displacement measurements using one interfer-
ometric radar, the influence of horizontal displacements should be excluded. In the case
of locating radars at the area of bridge supports, it is necessary to either use a set of two
radars or first investigate the magnitude of possible horizontal displacements in relation to
vertical displacements.
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