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Abstract: The article presents the development of a SHM (Structural Health Monitoring) strategy
intended to confirm the improvement of the load-bearing capacity of a bridge over the Ružín Dam using
static and dynamic load tests, as well as numerical simulations. The paper comprises measurements
of the global response of the bridge to prepare a verified and validated FEM (Finite Element
Method) model. A complex measuring system used for the tests consisted of two main parts:
an interferometric IBIS-S (Image by Interferometric Survey-Structures) radar and a multichannel
vibration and strain data logger. Next, structure–vehicle interactions were modelled, and non-linear
numerical dynamic analyses were performed. As a result, the time histories of displacements of the
structure from traffic effects were obtained. Their comparison with IBIS-S radar records proves that
this method can be effectively used for assessing bridges subjected to common traffic loads. The results
(measured accelerations) obtained by local tests in external pre-stressed cables are presented and a
convenient method for acquiring the axial force in the cables is proposed.

Keywords: FEM model; in situ measurements; accelerations; displacements; strains; reinforced
concrete bridge; non-linear dynamic analysis

1. Introduction

Bridges are among the most complex and important structures of civil infrastructure. They must
operate in demanding environments, and withstand extreme loads and deterioration which occur
during their operational lifespan [1]. Therefore, maintenance and monitoring of their state is crucial,
mainly for safety and economic reasons [2]. Visual inspection represents a standard process in many
countries [3]. As mentioned in [4], the identification of damages from visual inspections are usually
influenced by the subjectivity of the expert. There are other issues with visual inspections—some
locations are not accessible; at other times it is difficult to determine the severity of damage. Due to these
reasons and possible road closures, bridge owners and managers are interested in automation of the
process by using sensors. Many researchers across the United States [1], Europe [2,5–8], and Asia [9–12]
have taken advantage of the rapid evolution of sensing technologies in the last few decades and
implemented methods of structural health monitoring (SHM) to track the structural integrity of bridges.
An important part of SHM is testing. Two main approaches to testing are known: destructive and
non-destructive. Destructive methods use demolition of material to determine material characteristics.
On the other hand, the advantage of non-destructive testing is that the observed structure will remain
undamaged after a test. Therefore, non-destructive testing is a well-developed research and practical
field, and vibration-based methods are one part of that field. According to [13], vibration-based SHM
techniques can be divided into global non-destructive techniques, local non-destructive techniques,
and long-term application of SHM techniques. Local techniques deal with one structural element,
such as cables [12]. On the other hand, global techniques use data from a whole structure.
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Furthermore, the testing methods can be divided according to how the response is excited:
statically or dynamically. The design of static tests is less difficult, as only a stationary load is used.
The possibility of easier evaluation is also advantageous, and the results can be simpler compared to
the results from numerical models. On the other hand, they have less practical value, and they do not
show the real behavior of structures during dynamic loads. Dynamic test methods that examine the
behavior of structures under dynamic loads are mainly applied to bridges. These structures are loaded
by moving vehicles, pedestrians, or ambient dynamic loads. The fast evolution of sensing technology
has enabled the incorporation of SHM methods into the life cycle of bridges [14]. It must be noted that
a visual inspection cannot be completely substituted by SHM methods. Several types of measuring
devices and compatible sensors are now available. The most common types of sensors are strain
gauges, accelerometers, speedometer gauges, temperature sensors, and optical sensors, among others.
The above-mentioned authors mainly used one type of sensor in their studies. Strains were measured
in [1], accelerometers were used in [5] and [8], and radar was applied in [9]. The combination of
multiple sensor types was presented in [11]. A similar approach was selected in this work; a measuring
device with the ability to measure accelerations, temperatures and strains was used in combination
with the use of radar interferometry and a video camera.

This paper presents the development of a SHM strategy as an application of a fusion of
well-known methods during various stages of testing (e.g., numerical modal analysis to obtain
initial dynamic parameters, operational modal analysis [15], verification and validation of a FEM
model [16], and vehicle–bridge interactions [17]) in order to obtain the global static and dynamic
response of a reinforced concrete bridge, along with local measurements of strains in external cables.
To obtain a verified and validated FEM model, various tests were performed (e.g., a static test
(measurements of displacements and strains), a dynamic test (measurements of displacements and
accelerations), and operational modal analysis). The verified FEM model can serve as a tool for
evaluating various damage scenarios and predicting changes in bridge responses in these scenarios on
the basis of future measurements.

This paper consists of multiple sections. Section 2 describes the bridge; Section 3 deals with the
FEM model of the bridge and moving vehicles; Section 4 presents the measurement setup used for the
tests; Section 5 is devoted to the verification and validation of the FEM model, with the results from
the static test and operational modal analysis also presented here; Section 6 contains the comparison
of the time history analysis performed by a numerical calculation and the measured displacement
in the middle of the main span; Section 7 shows the results of a local non-destructive test of external
pre-stressed cables and finally, the main conclusions are presented in Section 8.

2. Bridge Description

The bridge over the Ružín Dam has been in operation since 1967 and was renovated in 2017
(Figure 1) as a result of its full closure in 2016 due to its critical state. The reason for the closure and
for the necessity to renovate was the permanent (visible) displacement in the middle of the main
span. The bridge structure consists of two parallel tapered box-girders with various heights between
1.4 m and 4.0 m. Pre-cast slabs are embedded between the two box-girders. The width of the bridge
comprises the road surface (7.5 m) and the walkways on both sides (1.75 m); overall, the bridge is
11.0 m wide. The total length of the bridge is 154.0 m.

The bridge was repaired by changing the original structural system. The reconstruction was carried
out by reinforcement of the original joint in the middle of span no. 2 and by the addition of external
pre-stressed cables (Figure 2). Pre-stressed cables consist of two groups. The first group of cables passes
over the outer side of the box-girders and is fixed by additionally mounted steel deviators (two cables
per box-girder). The second group of cables is placed inside the box-girders (two cables per box-girder).
Therefore, the overall strengthening consists of eight cables (15 × LS15.7/1860; for geometric and
material characteristics, see Tables 1 and 2).
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Figure 1. The bridge over Ružín Dam: (a) photo; (b) side-view; (c) cross-sections (dimensions in 
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elements. MASS elements represent the extra weight of accessories. The contribution of the water 
mass on immersed piers was also added according to [20] with a value of 6800 kg/m. 

Figure 2. The reinforcement of the joint in the middle of the span no. 2 with external pre-stressed
cables [18].

Table 1. Geometric and material characteristics of strand (LS15.7/1860 MPa).

Nominal
DiameterΦ

Tensile
Strength Fpk

Area of Cross-Section
Astrand

Weight per
Meter µstrand

Young Modulus of
Elasticity E

15.7 mm 1860 MPa 150 mm2 1.18 kg/m 190 GPa

Table 2. Geometric and material characteristics of cable (15 pieces of strand LS15.7/1860 MPa).

Length between
Deviators L

Area of
Cross-Section of
15 Strands Asteel

Area of Cross-Section
of Grout Agrout

Area of
Cross-Section
of Duct Aduct

Weight per
Meter µ

24.36 m 2250 mm2 5000 mm2 1700 mm2 30.12 kg/m

The pillars with heights of 29 m and 24 m are monolithically connected to the load-bearing
structure. A new sloping abutment with an approach slab was built in 2017. Renovation of the wing
walls was realized by coupling reinforced concrete walls. Concrete C30/37 and steel B500 (B) were used.

The bridge is of great importance in the regional road network. According to Slovak
Road Administration data [19], in 2015, more than 3300 vehicles passed over the bridge daily.
Therefore, bridge closure could cause significant complications since alternative routes are more than
30 km longer.

3. Numerical Modelling of Vehicle–Bridge Interactions

The 2D FEM model of the bridge and a passing truck were prepared (Figure 3) and numerical
analyses were performed before executing the in situ tests in order to achieve the expected displacement
of the bridge. The slab of box-girders was modelled with SHELL elements with a constant thickness of
0.2 m (width); flanges were modelled with BEAM elements: the upper flange had a constant height of
cross section of 0.254 m, the bottom flanges had an increasing height of cross section, starting from
0.253 m in the middle of the span to 0.47 m in vicinity of the pier. The characteristics of cables are
listed in Table 2. All concrete elements were modelled with Young’s modulus of elasticity E = 36 GPa.
Pillars were modelled with beam elements with cross sections of 2.4 × 2.4 m. Fixed supports were
assumed for both pillars, with joint supports at the beginning of the first span and the end of the
last span.

The added cables (characteristics in accordance with Tables 1 and 2) were considered TRUSS
elements. MASS elements represent the extra weight of accessories. The contribution of the water
mass on immersed piers was also added according to [20] with a value of 6800 kg/m.
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3.1. Testing Vehicles

Mercedes Benz 1836 AK trucks were utilized for static and dynamic tests of the bridge.
Their characteristics were assumed according to technical documentation (weighing ticket issued by a
certified laboratory before the tests) and are listed in Table 3. The characteristics of the axles for Truck 1
are listed in Table 4. Truck 1 was only used for the dynamic test, whereas both trucks were used for
static tests.

Table 3. Characteristics of vehicles (weight) according to the measurement before the test.

Truck 1 Truck 2

Front axle 7720 kg 7280 kg
Rear axle 10,620 kg 10,550 kg
In total 18,340 kg 17,830 kg

Table 4. Characteristics of axles—Truck 1.

Axle Spring
Characteristics

Damping
Characteristics

Unbalanced
Axle Mass

Balanced Mass
over Axle Tire Stiffness

Front 517 kN/m 23 kN/(m/s) 1300 kg 6420 kg 100 MN/m
Rear 1322 kN/m 130 kN/(m/s) 3000 kg 7620 kg 150 MN/m

3.2. Non-Linear Dynamic Analysis of the Vehicle–Bridge Interaction

The FEM model including both the structure and the vehicle was used for the evaluation of the
dynamic tests. The code was prepared in such a way that it is possible to define the arbitrary function of
an uneven surface (Figure 3a), which characterizes the displacement differences between truck contact
DOFs (Degree of Freedom) and structure DOFs at particular time instances. These differences cause
vertical inertial forces arising between the truck and the structure, and therefore result in additional
dynamic load of the bridge. It is also possible to control the loss of contact. For the tested bridge, a new
roadway was recently constructed, so only an arbitrary obstacle was assumed as an uneven surface.
The tests included truck passage over the bridge at different velocities while crossing the uneven
surface created by an artificial obstacle in the middle of span no. 2. The measurements were carried
out during light traffic, so a particular case when only the testing truck was present on the bridge was
analyzed. However, the dynamic response can also be analyzed assuming a complete traffic flow by
recording all passing vehicles. The advantage of this method is that there is no need for significant
traffic restrictions, which is the most convenient way of performing tests for bridge authorities.

To calculate the dynamic response of the structure, a non-linear numerical analysis assuming a
vehicle–bridge interaction was performed. Contact effects depend on the velocity of the vehicle and on
the uneven surface function between the bridge deck and the axle. Thus, the overall response of the
vehicle–bridge system is calculated according to the system of equations in every time step:

M

 y1(t)
ycontact(t)

+

 C1(t) C1,2(t)
C1,2(t) C2,contact(t)


 y1(t)

ycontact(t)

+

 K1(t) K1,2(t)
K1,2(t) K2,contact(t)


 y1(t)

ycontact(t)

 = f(t), (1)

where M is a mass matrix, C(t) is a damping matrix, K(t) is a stiffness matrix, f (t) is a vector of external
loads and y(t) is a vector of displacement.

Special attention is paid to vector elements with “contact” indices where the values do not depend
only on TH (Time History) analysis, but also on the uneven surface. Loss of contact, which can occur in
cases of higher speed, is also incorporated into the analysis. The procedure by which contact force and
contact loss were analyzed is described in Figure 3c, where displacements of the wheel vw have been
compared with the sum of displacements of the structure vs and the uneven surface coordinate vR

defined in a particular time step. If the difference between the wheel and the structure ∆structure −wheel
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= vw − vs − vR is greater than zero, then loss of contact is expected and the zero-contact force Fcontact

acting between the vehicle and structure is assumed. Otherwise, contact still exists and the value of
the contact force is calculated as the wheel reaction, depicted as Fw, acting on the axle and additional
force, Fadd, satisfying the correct condition of continuity of displacements; i.e., wheel is located on
the structure (also assuming uneven surface). The value of Fadd is a product of tire stiffness Ktire and
∆structure −wheel.

4. Measurement System

4.1. Accelerometers and Strain Gauges

A complex measurement system (able to measure accelerations, strains, and temperatures
simultaneously by up to four devices) using National Instruments equipment was used. It was
developed by one of the authors in collaboration with mechanical engineers [21]. It consisted of two
devices for this procedure: NI cRIO (National Instruments Compact Reconfigurable Input Output) 9067
with four NI 9234 modules, and NI cRIO 9074 with two NI 9234 modules. The NI 9234 input module
is an analogue-to-digital converter capable of measuring acceleration. The number of modules used
allowed us to measure 24 channels. There was also one NI 9237 input module for the measurement of
strain gauges. Temperature measurements formed an important part of the test. One NI 9211 input
module allowed for measuring air temperature, as well as the structure temperature, using contact
temperature sensors. Four temperature sensors, two strain gauges and 24 accelerometers were
used simultaneously.

Accelerations in the Z-direction (vertical) were measured with 18 sensors (labelled with a red
arrow); accelerations in the Y-direction (lateral) were measured with three sensors (labelled with a blue
arrow, and accelerations in the X-direction (longitudinal) were measured with one sensor (labelled with
a purple arrow). Two accelerometers were mounted by a magnetic pad on the external pre-stressed
cables approximately in the middle of span no. 2 (Figure 8). Two measuring polygons using two
measuring devices with separately connected accelerometers were placed along the footpaths to
obtain the torsional mode shapes. The first polygon with eight accelerometers was on the north side,
the second one with 16 accelerometers was on the south side. The synchronization of measuring devices
was carried out via an FTP (file transfer protocol) using an FTP cable placed under the bridge girder to
be protected from traffic. This arrangement of the devices reduces the measurement preparation time,
as the necessary cable lengths were shortened.
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Accelerometers (PCB—PicoCoulomB—Piezotronics 393B31) in combination with the NI 9234
input modules, measured frequency higher than 0.5 Hz with an interval of amplitudes ±4.9 m/s2.
The resonant frequency of the sensors is over 0.4 kHz. The high sensitivity of these sensors makes
them suitable for ambient vibration measurements. Accelerometers (MMF—Metra Mess—und
Frequenztechnik—KS48C) were also applied with a higher range of amplitudes (± 58.9 m/s2)
and the resonant frequency was above 7 kHz. Strain measurements were performed using HBM
(Hottinger Baldwin Messtechnik) 50/120 LY41 strain gauge sensors (in the “Half Bridge” set up,
i.e., one strain gauge is measuring the structure and one strain gauge is a dummy), suitable for concrete
structures. Sensor resistance was 120 Ω, and strain factor was 2.09. K-type thermocouple contact sensors
(SENSIT type TCS190) were used for the measurement of the structure temperature. Air temperature
was measured by the SENSIT type TG4 thermocouple. Both air and structure temperatures were
measured during the test (Table 5).

Table 5. Average temperatures during the measurement.

Air Span no. 1 Span no. 2 (Main) Span no. 3

21.6 ◦C 21.9 ◦C 22.1 ◦C 22.0 ◦C

4.2. Interferometric Radar

Dynamic displacement measurements were repeatedly performed using the IBIS-S interferometric
radar with type 3 antennas from IDS (Ingegneria dei Sistemi) (Figure 5a). The radar was used for static
and dynamic tests of the bridge.



Appl. Sci. 2020, 10, 5904 9 of 19

Appl. Sci. 2020, 10, x FOR PEER REVIEW 9 of 19 

 
(a) 

 
(b) 

Figure 5. The Interferometric radar (a) IBIS-S device; (b) radar placement for the measurements. 

Interferometry is a radar technique that evaluates object displacement by comparing phase shifts 
of the electromagnetic waves reflected by the object in different moments in time [22,23]. The IBIS-S 
system simultaneously measures the radial displacement (dR)—the displacement in the direction 
connecting the device and the monitored point on the structure (Figure 6)—of all points of the area 
illuminated by the antenna beam. 

 

Figure 6. Projection of the measured displacement. 

Radial displacement dR must be projected in the direction of effective displacement d (in the 
vertical direction) (Figure 6). = sin = ∙  (2)

It is important to identify the measured point on the structure as accurately as possible. For this 
reason, two reflectors (Figure 5b) were used and mounted at the locations where significant 
displacements were expected. It is necessary to know the radial distance R and the corresponding 
vertical distance h from the radar (Figure 6). 

The measurement is extremely fast and relatively accurate. The accuracy of the measurement 
depends on the ratio of the signal to the noise of the point under consideration. Thus, it depends on 

Figure 5. The Interferometric radar (a) IBIS-S device; (b) radar placement for the measurements.

Interferometry is a radar technique that evaluates object displacement by comparing phase shifts
of the electromagnetic waves reflected by the object in different moments in time [22,23]. The IBIS-S
system simultaneously measures the radial displacement (dR)—the displacement in the direction
connecting the device and the monitored point on the structure (Figure 6)—of all points of the area
illuminated by the antenna beam.
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Radial displacement dR must be projected in the direction of effective displacement d (in the
vertical direction) (Figure 6).

d =
dR

sinα
= dR·

R
h

(2)

It is important to identify the measured point on the structure as accurately as possible.
For this reason, two reflectors (Figure 5b) were used and mounted at the locations where significant
displacements were expected. It is necessary to know the radial distance R and the corresponding
vertical distance h from the radar (Figure 6).
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The measurement is extremely fast and relatively accurate. The accuracy of the measurement
depends on the ratio of the signal to the noise of the point under consideration. Thus, it depends on
the environmental effects (which can be eliminated) and on the distance from the measured point.
The greater the distance, the lower the intensity of the reflected signal. Displacement measuring
accuracy depends on the intensity of the reflected signal. The accuracy of the IBIS-S system is
up to 0.1 mm as declared by the manufacturer. By installing artificial reflectors in specific points,
the reflectivity of the target was improved. The radar was placed on the bank of the dam under span
no. 1 (Figure 5b). Each measurement was performed in dynamic mode with a sampling rate of 200 Hz.

4.3. Measurement Stages

All of the above-mentioned measuring equipment was synchronized during the following stages
of the measurements:

• Static tests (displacements, strains) during light traffic.
• Dynamic tests (weighed truck was passing over the uneven surface).
• Vibration measurements during full operation (results of operational modal analysis).

The traffic during the entire procedure was not stopped continuously for a single day. The static
and dynamic tests were carried out during light traffic with passing cars briefly delayed in front of
the bridge (outside of morning and afternoon rush hours). During the static test, two vehicles were
passing over the bridge at a maximum speed of up to 5 km/h; during the dynamic test, a single vehicle
(Truck 1) was passing over the bridge at various speeds from 5 km/h to 60 km/h. During the dynamic
tests, the traffic on the bridge was recorded using a video recorder in order to set the speed of passing
vehicles for numerical calculations and to omit the data records with heavy trucks from operational
modal analysis.

Besides these adjustments, the bridge had to be assessed under operational conditions.
Ambient vibrations were also caused by the wind; its effects were measured by an anemometer,
but during the measurement phase, there was small wind velocity (v < 0.5 m/s) recorded and the
impact was negligible.

5. Comparisons of Calculation and Test Results to Verify and Validate the FEM Model

In order to verify and validate the FEM model according to [16], selected static and dynamic
parameters were evaluated from measurements. The accelerations, displacements and strains were
compared with numerical results to check the input values of the model and to improve its quality.
Because of that, it can be used to make accurate predictions in the future. In this section, the in situ
tests of selected parameters are presented, along with the results from the verified and validated
FEM model.

5.1. Displacements

During a test of static displacement, two trucks were passing slowly (a maximum speed of up to
5 km/h) over the bridge and stopped briefly in the middle of span no. 2. A displacement time history
was recorded by IBIS-S radar. Figure 7 shows good conformity between test and numerical analysis.

5.2. Strains

During a light traffic period (described in Section 4.3), two heavy trucks stopped in the middle of
span no. 2. Figure 8 shows a comparison of stresses σx in the middle of span no. 2 (Figure 8) obtained
by calculation from measured strains using strain gauges and E-modulus (Figure 8a), and numerical
calculation from the presented FEM model (Figure 8b). It shows that the values correspond very well
(measured value of 890 kPa vs. 872 kPa calculated by the FEM).
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5.3. Natural Frequencies and Mode Shapes

An operational modal analysis (OMA) was performed on the bridge to obtain data for the
validation of the FEM model [16]. Moreover, the aim of OMA was also to confirm that the global
frequencies do not have a significant influence on the natural frequency of the free cables.

The data obtained from the NI 9234 modules (analog to digital converter (ADC)) were raw, without
any physical unit. Because of that, the measured accelerations (sampled at 2 kHz) were pre-processed
in the first step. The raw data were calibrated using the developed code and the data calibration
list of each sensor. After this procedure, the time series had the appropriate unit of acceleration
(m/s2). Then, the digital low pass filter with an eighth-order Chebyshev type I filter with a 15 Hz
cut-off frequency was applied in both the forward and reverse direction in order to remove all phase
distortions. Subsequently, records were down sampled to 50 samples/s. After that, each signal was
high pass filtered with a fourth-order Butterworth filter with a 0.2 Hz cut-off frequency, again in both
the forward and reverse direction, similarly to [24]. Finally, the pre-processed data were analyzed in
the ModalVIEW software. The possibilities of the ModalVIEW software (stabilization charts) were
used for extracting modal parameters such as natural frequency, damping ratio, and corresponding
mode shape. Stabilization charts were calculated using the stochastic subspace identification (SSI)
method, which is described in [25] in detail. These cut-off frequencies were set because the natural
frequencies calculated by the initial FEM model fell within this interval. In this case, the stability
criteria from the stabilization charts used were chosen similarly to [26], specifically: 1% for frequency
stability, 5% for damping stability, and 2% for mode shape stability. System identification (SI) of the
bridge was done in accordance with the mentioned criteria, and the obtained experimental results
were compared with the FEM calculations (Figures 9–12).
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Table 6 shows the comparison of natural frequencies of the FEM model and the measurement.
Since the FEM model is only 2D (coordinate system X axis vs. Z axis), natural frequencies and their
corresponding mode shapes are only shown in Z directions. There is a good conformity between the
measured and the calculated natural frequencies for the corresponding mode shapes.

Table 6. Comparison of natural frequencies and mode shapes.

No. Mode Shape
(Direction)

Natural Frequency
(Measured)

Natural Frequency
(Calculated)

Cross-MAC (Modal
Assurance Criterion) Figure

1 Global in X
direction N/A 1 1.16 N/A1 N/A 1

3 Global in Z
direction 1.71 1.76 0.99 Figure 9

5 Global in Z
direction 3.78 3.50 0.93 Figure 10

7 Global in Z
direction 5.21 5.33 0.94 Figure 11

10 Global in Z
direction 8.27 7.9 0.92 Figure 12

1 N/A—not available from measurements.

Additionally, Cross-MAC (Modal Assurance Criterion) values, similar to [27] are presented.
The formula is as follows:

Cross−MAC(i, j) =

(
φAT

i φ
B

j
)2(

φAT
i φ

A
j
)(
φBT

i φ
B

j
) (3)

where φA
i is the ith mode shape vector obtained by the FEM model, and φB

j is the jth mode shape
vector of the measured structure as computed by the SSI method. If the value of Cross-MAC is nearing
1, the match between two mode shapes is complete. On the other hand, if the value of Cross-MAC is 0,
then the mode shapes are entirely different. The gathered differences of the Cross-MAC values are
smaller than 10%, which means that the mode shapes were identified correctly. Such a good conformity
between the real response and the response from the prepared FEM model can be later used for SHM
purposes, e.g., for the simulation of damages or a check of a suitable method of damage detection.

The result of the SSI method (the third natural frequency) was compared to the natural frequency
obtained by the IBIS-S radar. As seen in Figure 13, the response of the structure after the truck left the
bridge (at about 13 s) can be described as free damped vibration. Specifically, ten sine waves appeared
between the times t1 = 13.72 s of the first peak and t2 = 19.56 s of the last peak. Thus, the third natural
period Td of the structure can be calculated; the result is Td = 0.584 s. The third natural frequency related
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to vibration in the vertical (Z) direction is then equal to 1.71 Hz. The same result of the third natural
frequency was obtained from measured accelerations (Table 6). The identified natural frequencies from
two independent devices (complex measurement system vs. IBIS-S radar) confirmed the precision of
the performed measurements. However, some mode shapes could not be extracted from the measured
acceleration data because of the relatively small number of accelerometers used, especially in the lateral
(Y) direction.
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6. Evaluation of Dynamic Displacements of the Bridge

The dynamic tests with the truck passage at different velocities were performed to obtain the
dynamic response of the structure. Only traffic load was assumed in the numerical calculations.
The wind effects during the tests were negligible and therefore not incorporated into the calculations.
Effects of the structural dead weight were not included in the presented displacements.

A two-axle truck was used (see Table 3, Truck 1) in the tests. An uneven surface was created by an
obstacle placed in the middle of span no. 2 with a length of 0.5 m and a height of 0.06 m (Figure 14).
As the axles of the truck hit the uneven surface, significant dynamic effects occurred (Figure 15).

Vertical displacements in the middle of span no. 2 were recorded by the IBIS-S radar. Both recorded
and numerical results are presented in Figure 15. The comparison of the obtained results in Figure 15
shows that the overall responses, assuming different vehicle velocities (57, 36 and 21 km/h), of both test
and analysis are similar. The most significant dynamic response is caused by the vehicle passing over
the obstacle in the middle of span no. 2. The vehicle used during these tests (two-axle truck—Truck 1
from Table 3) had a substantial effect on the overall response. If there are other cars in the traffic flow,
they can be also assumed, and the partial effects can be added.

Appl. Sci. 2020, 10, x FOR PEER REVIEW 14 of 19 

The result of the SSI method (the third natural frequency) was compared to the natural frequency 
obtained by the IBIS-S radar. As seen in Figure 13, the response of the structure after the truck left the 
bridge (at about 13 s) can be described as free damped vibration. Specifically, ten sine waves appeared 
between the times t1 = 13.72 s of the first peak and t2 = 19.56 s of the last peak. Thus, the third natural 
period Td of the structure can be calculated; the result is Td = 0.584 s. The third natural frequency 
related to vibration in the vertical (Z) direction is then equal to 1.71 Hz. The same result of the third 
natural frequency was obtained from measured accelerations (Table 6). The identified natural 
frequencies from two independent devices (complex measurement system vs. IBIS-S radar) 
confirmed the precision of the performed measurements. However, some mode shapes could not be 
extracted from the measured acceleration data because of the relatively small number of 
accelerometers used, especially in the lateral (Y) direction. 

 
Figure 13. Displacement record by IBIS-S radar in the middle of span no. 2—the 3rd frequency. 

6. Evaluation of Dynamic Displacements of the Bridge 

The dynamic tests with the truck passage at different velocities were performed to obtain the 
dynamic response of the structure. Only traffic load was assumed in the numerical calculations. The 
wind effects during the tests were negligible and therefore not incorporated into the calculations. 
Effects of the structural dead weight were not included in the presented displacements. 

A two-axle truck was used (see Table 3, Truck 1) in the tests. An uneven surface was created by 
an obstacle placed in the middle of span no. 2 with a length of 0.5 m and a height of 0.06 m (Figure 
14). As the axles of the truck hit the uneven surface, significant dynamic effects occurred (Figure 15). 

 
(a) 

 
(b) 

  
Figure 14. Artificial uneven surface placed in the middle of the span no. 2 (a) photo; (b) dimensions 
in millimeters (R—radius). 

Vertical displacements in the middle of span no. 2 were recorded by the IBIS-S radar. Both 
recorded and numerical results are presented in Figure 15. The comparison of the obtained results in 
Figure 15 shows that the overall responses, assuming different vehicle velocities (57, 36 and 21 km/h), 
of both test and analysis are similar. The most significant dynamic response is caused by the vehicle 
passing over the obstacle in the middle of span no. 2. The vehicle used during these tests (two-axle 

Figure 14. Artificial uneven surface placed in the middle of the span no. 2 (a) photo; (b) dimensions in
millimeters (R—radius).



Appl. Sci. 2020, 10, 5904 15 of 19

Appl. Sci. 2020, 10, x FOR PEER REVIEW 15 of 19 

truck—Truck 1 from Table 3) had a substantial effect on the overall response. If there are other cars 
in the traffic flow, they can be also assumed, and the partial effects can be added. 

The calculated time histories have slightly smaller dynamic amplitudes than the displacement 
measurement records. The reason for this could be caused by an inappropriate assumption of the 
stiffness of the tires (see Table 4). In this case, a rough estimation of tire stiffness was carried out by 
measuring changes in tire dimensions in the vertical and horizontal directions caused by 
gravitational forces. Tire pressure identification using sensors could be an option to obtain this data 
more accurately, as in [28]. This effect should be studied further in the future. 

  
(a) 

 
(b) 

 
(c) 

Figure 15. Displacement records in the middle of span no. 2. (a) Velocity 57 km/h; (b) velocity 36 km/h; 
(c) velocity 21 km/h. 

In general, IBIS-S radar allows for the measurement of hundreds of points along the bridge with 
a sampling rate of up to 200 samples/s. In the case study, results from only two points are presented. 
Two reflectors were installed (Figure 5b) to achieve better radar signal. The two selected points are 
those where the displacement measurements needed to be carried out. 

7. Evaluation of Axial Forces in Cables 

Figure 15. Displacement records in the middle of span no. 2. (a) Velocity 57 km/h; (b) velocity 36 km/h;
(c) velocity 21 km/h.

The calculated time histories have slightly smaller dynamic amplitudes than the displacement
measurement records. The reason for this could be caused by an inappropriate assumption of the
stiffness of the tires (see Table 4). In this case, a rough estimation of tire stiffness was carried out by
measuring changes in tire dimensions in the vertical and horizontal directions caused by gravitational
forces. Tire pressure identification using sensors could be an option to obtain this data more accurately,
as in [28]. This effect should be studied further in the future.

In general, IBIS-S radar allows for the measurement of hundreds of points along the bridge with a
sampling rate of up to 200 samples/s. In the case study, results from only two points are presented.
Two reflectors were installed (Figure 5b) to achieve better radar signal. The two selected points are
those where the displacement measurements needed to be carried out.

7. Evaluation of Axial Forces in Cables

The next comparison between the verified and validated FEM model and measurements concerns
the axial forces in the external pre-stressed cables. The values of axial forces Ntest in the cables can be
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determined from the measured frequencies and geometric and material characteristics of the cables
(Table 1) using Equation (4) from [29]:

Ntest = 4 f12L2µ (4)

where f 1 is the first natural frequency, L is the length of the cable and µ is weight per meter.
To determine the axial forces Ntest, accelerometers were mounted on two pre-stressed cables

(on the northern and southern edge of the bridge, see Figure 8). The first natural frequencies of these
cables f1 were found from the dynamic response achieved by using fast Fourier transform (Figure 16).
Two situations were considered: an unloaded and a bridge loaded by two heavy trucks (according to
Table 3). Both cables have the same geometric and material characteristics (see Tables 1 and 2), which is
proven in Figure 16, where the first and second natural frequencies of both cables are the same.
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The length of the cables was considered to be the free length between the deviators (see Table 1).
The axial forces were calculated from this data using Equation (3) as follows: Ntest = 2.67 MN for the
unloaded bridge and Ntest = 2.69 MN in case of the structure being loaded with two heavy trucks.
The difference between them (0.02 MN) matches well with the numerical value calculated as the
predicted effect of the applied gravity forces of the load. There is therefore a good reason to believe
that the total forces represent their real values on the bridge.

The values of axial forces Ntest and natural frequencies f of the cables can be considered a
performance indicator (as in [30]), which can be calculated from the measured data by permanently
placed accelerometers to continuously measure the natural frequency. The value presented here for the
unloaded bridge will be accounted for as the reference value of the performance indicator. The main
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benefits of this method are the possibility of measuring during regular traffic without restrictions and
evaluating the actual value of the axial force even after years of service.

8. Conclusions

The development of a SHM strategy is presented in this paper using static and dynamic load tests,
as well as numerical simulations. Therefore, the results of the tests and simulations of the static and
dynamic response of the bridge subjected to traffic loads using a combination of devices, including
interferometric radar and a complex measuring system, have been presented in the article. A static load
test was performed to verify and validate the FEM model using measured strains and displacements.
The combination of devices used is not common, and due to that, acceptable results were obtained from
the presented comparisons. To obtain various types of data and to compare the dynamic characteristics,
the combination of acceleration and displacement measurements can be used. Accelerometers are
more suitable for detecting mode shapes, whereas interferometric radar can help validate numerical
models comparing displacements, which are preferred in practice.

A satisfactory numerical model has been prepared. Natural frequencies and MAC values
match each other, with the error not exceeding 10%. Structure–vehicle dynamic interactions
incorporating uneven surface effects and loss of contact have been derived and used. Numerically
predicted dynamic displacements and test results match sufficiently in cases of higher velocity of
passing trucks (60 km/h), while the difference of amplitudes is doubled in case of smaller velocities
(about 20 km/h). However, the results regarding periods match to each other well. Tire stiffness has to
be studied and considered more accurately to improve future results. Deterministically defined loads
correspond with real conditions and can be useful not only for the comparison of vibration amplitudes,
e.g., accelerations and spectral values, but even for the analysis of dynamic strains and displacements
caused by traffic. As shown in this paper, precisely modelled traffic can be used as a comparison tool
for future applications of structural health monitoring techniques.

The goal to determine the actual forces in cables has been fulfilled. The presented SHM technique
is relatively sensitive, e.g., the weight of only two vehicles could be identified. Moreover, this method
provides the specification of the total value of axial force in the cable. Additionally, the natural
frequencies of cables measured by accelerometers can be considered a performance indicator. The static
and dynamic response of the bridge is similar to the response obtained by the numerical calculations
of the FEM model prepared according to the project documentation of the real execution.
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