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ABSTRACT:

A system for monitoring rotations and displacements of bridges based on laser pointer and digital photogrammetry is described. The
system uses three common laser pointers and image processing. The inclination of the elastic line is measured by analysing the
individual frames of an HD video of the laser beam footprint projected onto a flat target. The methodology, able to conjugate a high
precision, low cost, and easiness of use, is an evolution of a method developed at University of Calabria, Italy. The use of three laser
pointers allows to improve the performance of the previous method, obtaining both displacements and rotations at a generic point of
the bridge deck, and deriving the transverse rotation of the deck cross section. The investigated method exploits the laser pointers’
property to provide a steady pointing direction, a long-range and a high-brightness visible imprint. The method and the results of an

experimental test are described and discussed.

1. INTRODUCTION

To evaluate the health status of a bridge and to verify its bearing
capacity, inclination and vertical displacements of the deck are
among the most important technical parameters to measure.
Structural rotations and displacements can be monitored using
several methods, both conventional and innovative. However, it
is still a difficult challenge to implement a system that can, at
the same time, enable precision, automation, static and dynamic
monitoring without using high-cost tools.

The load tests for checking the state of health of a bridge are
usually carried out by charging the deck with static loads,
generally obtained by parking heavy trucks in known positions.
The measurements of vertical displacements are carried out by
spirit levels or total stations (Lantsoght, 2017).

Nowadays, Structural Health Monitoring (SHM) is performed
by acquiring several physical and mechanical parameters (Zinno
et al., 2019). Among these, we can list: (a) structural vibrations,
among which we can distinguish natural frequency, mode shape
and other modal parameters (Fan, Qiao, 2011); (b) strain,
measured by strain-gauges wired or wireless; (c) inclinations,
obtained by inclinometers.

Recently, integrated tools have been proposed, which can be
configured in a wireless network and managed remotely (Artese
G. et al.,, 2015a).

Focusing attention on the techniques used to measure
movements, we recall: (a) digital levels: (b) total stations, also
remotely managed (Artese G. et al., 2015b; Artese, S. and
Perrelli, M., 2018); (c) dial gauges; (d) GNSS receivers; (e)
terrestrial laser scanning (TLS); (f) digital photogrammetry; (g)
radar interferometry both satellite (Artese G. et al., 2016) and
ground based (Di Pasquale et al., 2018). TLS and digital
photogrammetry are successfully used also for dynamic
measurements (Artese, S., 2019, Yoneyama, Ueda, 2012, Kwak
etal., 2013, Lu et al., 2016).
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We should also underline the recent use of Micro Electro-
Mechanical Systems (MEMS) based inclinometers, for getting
deflection measurements (Yu et al., 2013). The high S/N ratio
of these acquisitions limits their usability to static
measurements.

With reference to the early use of a laser beam to measure
deflections, we can mention the system described in (Tang and
Li, 2008)

In the last years, we can observe an increase in methods based
on laser projection sensing, probably due to the availability of
low-cost hardware (Jeon et al., 2011, Park et al., 2010, Lee et
al., 2012).

The methodology described in the following, able to conjugate
a high precision, low cost, and easiness of use, has been set up
in this context. By detecting the variation of the tangent to the
elastic line of the deck, the inclination is obtained. The tangent
to the elastic line is materialized by the laser beam of a laser
pointer, fixed to a point of the deck structure. The beam is
projected onto a screen opportunely placed in a fixed position
and at a suitable distance, thus obtaining an amplification of the
laser fingerprint movement and, consequently, a more accurate
result.

By analyzing the frames of a video of the laser footprint
acquired during the monitoring activities, it is possible to
extract the dynamic deflections.

The main characteristics of the method are: (1) Low cost; (2)
Lightweight and small hardware; (3) Ease of installation; (4)
Capability to achieve the required accuracy for bridge load
tests.

The methodology has been developed at University of Calabria,
Italy. It is an evolution of the one described in (Artese S. et al.,
2018) and differs mainly in the following aspects: (1)
measurements can be performed not only at the support, but at
any point of the deck; (2) in the monitored points both rotation
and lowering are measured, thanks to the use of two pointers;
(3) it is possible to measure the transverse rotation of the deck.
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This paper deals with: (1) the description of the methodology;
(2) the hardware components; (3) the implemented software; (4)
the in-field test; and (5) the discussion of the results.

2. MATERIALS AND METHODS
2.1 The Methodology

The investigated method exploits the laser pointers’ property to
provide a steady pointing direction, a long-range and a high-
brightness visible imprint.

By projecting a laser beam, positioned at the intrados of a
bridge deck, on a plane target approximately orthogonal to the
direction of the ray, the footprint will undergo a displacement
AH due to two components: (a) the lowering or raising of the
laser source and (b) the variation of the laser beam inclination.
Both components are linked to the movements and inclinations
of the structure to which the laser source is locked (Figure 1).
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Figure 1. The displacement of the laser footprints: (a) with the
pointer subject just to inclination (fixed to the end of the span);
(b) with the pointers positioned in the maximum displacement
point (with lowering only); (c) with the laser pointers fixed on a
point subject to both inclination and lowering.

The component (a) produces a shift § of the laser footprint equal
to the displacement of the laser source. The component (b)
causes a displacement aD proportional to the distance D
between the laser source and the target. It is therefore possible
to greatly amplify this displacement by positioning the target at
a convenient range; this allows one to obtain the tilt variation
with remarkable precision.

With reference to Figure lc, let consider two laser pointers,
fixed in the same position and orientated in opposite directions.

The displacement of the laser beam footprint on the right side
is:

AH, =8 +tan a D, 1)
The displacement of the laser beam footprint on the left side is:
AH, =0 - tan a. D, 2)

Where:

O = the displacement of the monitored point;

AH, = displacement of the laser footprint on the target 1;
AH, = displacement of the laser footprint on the target 2;
o = laser beam inclination;

D, = distance from monitored point to target 1;

D, = distance from monitored point to target 2.

From the equations 1, 2 one can derive the inclination a
(equation 3) and the displacement 6 (equation 4).

tan oo = (AH, + AH,) /(D;+ D,) 3)

0 =AH, - [(AH; + AH,) /(D+ D,)] D “)

By positioning two laser pointers on the right and left sides of
the deck section, that aim at the same targets, it is possible to
obtain the displacements difference between the right and left
sides of the same transverse cross section and, therefore, the
transverse rotation of the deck (Figure 2).

Figure 2. The displacements difference between the
displacements 8, and §, allows to obtain the transverse rotation
¢ of the deck.

During the monitoring activities, a video of the laser footprint
oscillations is acquired. The elaboration of the images of the
single frames allows to detect the variable position of the
centroid of the laser footprint. In this way inclination variations
and dynamic deviations can be obtained.

In the case of a mobile load, synchronizing the video of the
footprints with a video recording of the bridge deck makes it
possible to relate the position of the load and the deformations /
inclinations.

2.2 The Hardware Components

The hardware components are: (a) three laser pointers; (b) two
cameras for laser footprint video capturing; and (c) a computer.

2.2.1 The Laser Pointers

Three SCITOWER SCT306-532 nm laser pointers were used,
mounted on a MTOLASER 21mm three axis adjustable laser
pointer module holder, fixed to a Holmarc switchable magnetic
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post basis model MB — 50 (Figure 3). The main characteristics
are shown in Table 1.

Figure 3. The laser pointer, the three axis adjustable laser
pointer module holder, and the switchable magnetic post basis

Feature Value
Wavelength 532 + 0.1 nm (Green)
Beam diameter 2.0 mm
Beam divergence 0.8 mrad
Power 100 mW (Gaussian Beam)
Pointing stability <0.05 mrad
Beam spot roundness =90 %

Table 1. Characteristics of the laser pointer.

2.2.2 The Cameras

The video of the laser footprints were acquired using two
Xiaomi YI 4K Action Cameras. The main characteristics are
shown in Table 2.

Feature Value
Type Xiaomi YI 4K Action Camera
Video resolution 3840 x 2160 Pixel at 30 fps
Max frame rate 200 fps
File format NEF (RAW), JPEG, NEF
(RAW)+IPEG
Lens /2.8 aperture, 3.2mm focal length,

7 glass, 145-degrees wide-angle lens.

Sensor 8 MP Sony IMX317
Size (Diagonal) 7.2 mm
Pixel Size 1.62 micron

Table 2. Characteristics of the Xiaomi YI 4K digital camera.

2.2.3 The Computer

A Dell XPS 13 9360 Notebook was used. The CPU is an Intel
Core i7-7500U with a 2.7 GHz clock and 8 GB DDR SDRAM.
The notebook is provided with a 256 GB SSD hard disk, a 13.3
inch Full HD display, and a graphic card Intel HD 620. The
operating system is Windows 10 Pro.

2.3 The Software Implemented

As for the software, a program was developed in Matlab® for
the determination of the laser footprint centroids projected on
each flat target. The program uses the calibration parameters of
the digital camera.

With regard to the mean scale of the frame, the Ground Sample
Distance (GSD) of 0.2 mm has been chosen, in order to obtain
the required precision of the measurements. To this end, a 40
cm camera-target distance was used. The target is a rigid plastic
board with a glued graph paper.

The code developed is based on the one described in (Artese et
al., 2018). In the present version two laser footprints must be
detected, given that the laser beams coming from the right and
the left sides of the same transverse cross section are pointed to
the same target.

3. RESULTS AND DISCUSSION
3.1 The Test

The test was carried out on a bridge at the University of
Calabria, Italy. It is a double deck bridge: the upper deck can be
used for vehicular traffic, while the lower one is reserved for
pedestrians. The laser pointers were fixed to two plates used for
hanging the pedestrian deck (Figures 4, 5).
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Figure 4. Cross section of the bridge deck. The laser pointers
are fixed to the plates used to hang the pedestrian deck.

The load used for the test was a heavy truck, with a weight of
about 250 kN, positioned at the middle of the central span. The
laser pointers were positioned at a distance of 88.58 m from the
southern target and of 104.17 m from the northern one. The
eccentricity was 1.5 m respect to the longitudinal axis. With
reference to Figure 4, on the east side of the cross section (right)
two pointers were positioned, while on the west side only one
laser pointer was positioned, pointing to the northern target,
used for obtaining the transverse rotation.
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In Figure 6, we can observe two frames obtained at the
beginning and at the end of the test by filming the northern
panel. The limitation of ISO sensitivity and of the iris allowed
to obtain a well defined shape of the laser beam footprints, thus
determining accurately the centroids. The frames were
processed using the above described code in Matlab®. The
positions of the centroids were obtained in pixel coordinates
(rows, columns). The coordinates were obtained with a
precision of .1 pixels, less than the stability of the laser beams.

3.2 Discussion

The results of the measurements are synthetized in Table 3. The
coordinates of the centroids of the footprints, in pixels, are
shown, for the pointers on the east side (right), for both the
North and South targets. The measurements were carried out
both with loaded bridge and unloaded bridge.

- 41720 N -~ 3240 47
_\ North Target South Target
Left Right Right
Footprint Footprint Footprint
row | col. | Row | col. row | col.
Figure 5. Test layout (top). Enlargement of the north (central Loaded bridge | 1170 650 | 1328] 1925 | 1860 1048
panel) and of the south stretch (lower panel). Unloaded
bridge 1044 | 652 1201 | 1927 | 1937] 1049
Delta (pixels) 126 -2 127 -2 =77 -1
Delta (mm) 2521 -04] 254| -04] -154] -0.2

Figure 6. Enlargements of two frames obtained for the northern
target at the beginning (top) and at the end of the test (bottom
panel). The left and right footprints are generated by the left and
by the right pointers, respectively.

Table 3. Coordinates of the centroids of footprints. The values
are in pixels except for the bottom row.

We observe a rise in the footprint on the northern target of 127
pixels, equal to 25.4 mm. On the south target, there is a
lowering of 77 pixels, equal to -15.4 mm.

By applying formulas 3 and 4, an inclination variation of 0.210
mrad and a 3.2 mm displacement are obtained at the laser
pointers. These values are in line with those obtained using a
Finite Element Method code.

As for the left pointer, the footprint on the north target
undergoes a rising almost equal to that of the right pointer,
being the difference of one pixel. This value, corresponding to
0.2 mm, is less than the measurement uncertainty. The small
eccentricity of the load, moreover, did not produce significant
rotations of the deck. In the future, it is planned to perform a
test in the presence of more significant rotations.
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