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Abstract: Scour around bridges present a severe threat to the stability of railroad and highway
bridges. Scour needs to be monitored to prevent the bridges from becoming damaged. This research
studies the feasibility of using green laser for monitoring the scour around candidate railroad and
highway bridges. The laboratory experiments that provided the basis for using green laser for un-
derwater mapping are also discussed. The results of the laboratory and field experiments demon-
strate the feasibility of using green laser for underwater infrastructure monitoring with limitations
on the turbidity of water that affects the penetrability of the laser. This method can be used for scour
monitoring around offshore structures in shallow water as well as corrosion monitoring of bridges.
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1. Introduction

Scour needs to be monitored in a timely manner as around 80% of the railroad and
highway bridges in the US are built over water bodies [1,2]. Natural disasters like earth-
quakes associated with heavy rain and flooding can severely damage bridges [3]. Regular
monitoring of bridges is needed to maintain the structural integrity of the railroad and
highway bridges [4,5]. After the New York Thruway bridge collapsed in 1987, the Federal
Highway Administration (FHWA) started its national bridge scour evaluation program
under the National Bridge Inspection (NBI) [6]. Under this four-phase program, the hy-
drologic, geotechnical, and hydraulic data of the bridge are collected and assessed in de-
tail. Based on the assessment, recommendations are suggested if the bridge is susceptible
to scour. Over the years, various state Department of Transportations (DOTs) have devel-
oped maintenance requirements to monitor scour. Typically, this involves annual or bi-
ennial inspections performed by divers. However, the review after heavy rainfall or flood
events is rare due to the exacerbation of scour, and the risks associated with manual scour
measuring techniques. Scour around bridge piers are usually measured using in-contact
and non-contact scour measuring devices. Some examples of in-contact sensors include
float-out devices, tethered buried switches, piezoelectric sensors, buried rods, and radar
devices [2,7]. A float-out device measures the scour when it is disconnected from the
ground. A float-out device is kept near the bridge, which is equipped with electrical
switch triggers. Once the scour extends to the bottom of the device, it will float on the
surface of the water giving direct measurements of the scour [7,8]. The working principle
of the tethered buried switch is the same as that of the float-out device [9]. The tethered
buried switch changes its position from vertical to horizontal when the scour reaches the
bottom of the device, triggering the electrical switch [7]. One of the main disadvantages
of these devices (the float-out device and tethered buried switch) is that it does not meas-
ure maximum scour. The assistance of a diver is required for the installation of these
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devices [10,11]. The buried rod uses gravity sensors to measure the scour [12]. Scour-meas-
uring buried rods are installed near the bridge pier. As the scour extends, the device
moves along with the scour, giving scour dimensions. Measuring probes with radar de-
vices measure the variation in the dielectric permittivity constant [13]. Probes are installed
near bridge piers, and when the dielectric permittivity constant changes for the water and
soil interface, scour is measured. Radar devices are also used for measuring bridge deflec-
tions [14]. The piezoelectric sensors measure the hydrodynamic forces of water on the
sensor [9,15,16]. The sensor is installed on a cantilever near the bridge pier. When the scour
starts to progress, bending forces are induced on the cantilever, which directly measures
the scour. The piezoelectric sensor also needs the support of a diver for its installation.

In recent years, there has been a shift towards non-contact scour measuring equip-
ment and this equipment does not require the support of a diver and can be operated
without being in direct contact with the scour. Some of the non-contact scour measuring
devices are GPR (Ground Penetrating Radar), SONAR (Sound Navigation and Ranging),
echo sounder, seismic profiler, and laser devices [2,7]. GPR sends electromagnetic waves
to the scour profile, which are reflected to the device [17], whereas SONAR uses sound-
based ranging for underwater and scour mapping [2,7]. Sound waves sent by the SONAR
device gets reflected from the scour hole, and its dimensions are measured [18,19]. High-
frequency seismic pulse is used by seismic profiler for scour measurement, which is sent
from the transducer and gets reflected from the scour profile to the receiver [2,17,20,21].
The working principle of an echosounder is the same as that of seismic profiler [22]. The
echosounder sends a high-frequency acoustic pulse for scour mapping [2,13]. Laser de-
vices most commonly use a green wavelength laser for scour measurement. Blue and in-
frared wavelengths are also used [23]. Since water absorbs the green laser least, it is mainly
used for underwater operations. Refraction correction must be applied to the data col-
lected by the green laser to extract the dimensions of the scour [24]. The green laser can be
used with fixed and floating stations. Unmanned Aerial Vehicles (UAVs), ships, barges,
etc., can be mounted with the green laser for scour measurements [2].

Yagci et al., 2017 used green laser to measure the scour near the hexagonal arrange-
ment of circular piers [23]. The flow conditions used for the experiments were steady. The
Leica Scan station C10 is used for experimental study. The cylinders were arranged in
regular, angled, and staggered configurations. The green laser was found to be effective
in mapping scour around cylinders. When the cylinders are arranged in regular configu-
ration, the generated scour is less than angled and staggered configurations. Poggi &
Kudryavtseva, 2019 used cyan line laser to measure the scour in the front and behind the
bridge pier [25]. The wavelength of the cyan line laser used was 488 nm. A glass cylinder
with a diameter of 3.2 cm made up of Plexiglass was used as a bridge pier. The experi-
ments were carried out in a 12 m long flume. The flow in the flume was regulated using a
hydraulic gate. The highest scour depth from the laser scan was compared with the high-
est scour depth obtained from Oliveto & Hager, 2002 [26] and Melville and Chiew, 1999
[27]. The scour mapping using the cyan line laser successfully maps the scour near the
bridge pier. Musab, 2018 used green laser and hydrolite SONAR to demonstrate its feasi-
bility in scour mapping [28]. The Leica Scan Station II was used for the green laser map-
ping. A 6.6-inch diameter circular PVC (Polyvinyl Chloride) pipe was used as a bridge
pier, and a prefabricated scour hole was set around the PVC pipe. The experimental setup
was installed in a frustum-shaped tank. The green laser scanning and hydrolite SONAR
mapping were carried out for clear water conditions. The green laser could travel from
the scan station through the air and water medium for scour mapping. The hydrolite SO-
NAR was kept on the water surface for mapping the scour. The results from the feasibility
study show that the green laser scan data had better resolution and higher magnitude.
This is due to dense point cloud data collected from the green laser scan. At the same time,
the SONAR scan data showed discrete elevated data points. The green laser captured the
edges of the prefabricated scour hole more than the hydrolite SONAR. Raju et al., 2022 [2]
continued the feasibility study of Musab, 2018 [28] by varying the turbidity conditions of
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the water and slightly changing the dimensions of the prefabricated scour hole [29,30].
The experimental studies were carried out in a pool with a diameter of 3.048 m. Two pa-
rameters were varied in the experiments—water depth and turbidity of water. The water
depth range used was 0.38 to 0.6 m for turbidity levels ranging from 1.2 to 20.8 NTU
(Nephelometric Turbidity Unit). Kaolinite powder was used to change water turbidity
levels. The scour mapping was carried out by using a Leica Scan Station II, which uses
green laser with 532 nm wavelength, and the accuracy of the green laser used is 4 mm [2].
The results from the underwater scan data were compared with the dry scan data of the
prefabricated scour hole. The experimental study results show that water turbidity and
water depth play an important role in the scour mapping using green laser.

The benefit of using green laser is that it can penetrate through the turbid water to
the scour hole and gives a complete view of the scour hole. The scour monitoring using
green laser can be performed from a stationary platform in land or from an aerial platform.
These scans can be performed without the help of an underwater diver, which is not pos-
sible especially during high flood times. Based on the laboratory testing, the green laser
was used for the feasibility study of scour mapping around candidate railroad and high-
way bridges in South Florida, which is discussed here. The railroad bridge selected for the
study is the SXG59.70 railroad bridge near SW 112th St, Miami, FL, USA and the first
highway bridge selected for the study was the Little Lake Worth bridge near 11072-11078
Florida A1A, Palm Beach Gardens, FL, USA. The second highway bridge selected for the
study was the 5X.928 located in the SW Warfield Blvd Road (FL-710), Indiantown, FL,
USA. Based on the feasibility study of scour measurement around railroad and highway
bridges, it was concluded that turbidity plays a significant role in the efficiency of green
laser in underwater mapping.

2. Materials and Methods

The research methodology involves data collection using green wavelength Leica la-
ser scanner and performing refraction correction using an in-house developed MATLAB
routine. The laser scanner computes 3D geometric information namely X, Y, Z coordinates
and reflectance of the scene using known azimuth and zenith angles and the computed
range. The relationship can be expressed using a simple cartesian coordinates to polar
coordinates transformation. The visualization and extraction of the laser point cloud were
performed using Leica Cyclone (version 6.0.4) and Cloud Compare (version 2.12) software
packages. Figure 1 shows the schematic diagram of the converted polar coordinates.
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Figure 1. Schematic diagram of refraction correction applied for underwater scanning [adapted
from Smith et al. 2012] [2,24,31].
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Refraction correction is applied to the X, Y, Z coordinates. “The X, Y, Z coordinates
after refraction correction are shown in Equations (1)-(3) below [2]:

Xr = Rr sin q)w (1)

Y:=R: cos q)w (2)
~1.33 cos 6,(R, —R,)

Z:= (sin Ba) + Z, )

where (X:, Y:, Zr) are the coordinates after refraction correction, Gw = azimuth of the laser
pulse, Oy, = refraction angle, Zw = height of water surface from scanner eyepiece, 6, = inci-
dent angle of laser pulse”.

2.1. Laboratory Testing

Initially, the feasibility of using the green laser in scour monitoring was carried out
in the laboratory using a prefabricated scour hole in a pool with diameter 3.048 m (Figures
2 and 3) [2]. The turbidity inside the pool is changed from 1.2 to 20.8 NTU by adding
Kaolinite powder. The turbidity of the clear water was 1.2 NTU. The turbidities considered
for the study were 1.2 NTU, 3.9 NTU, 5.5 NTU, 6.4 NTU, 12.1 NTU, and 20.8 NTU. The
fabricated scour model used in Nagarajan et al., 2018 and Banhany 2018 was used for la-
boratory experiments [2,24,28]. Six trials were conducted by varying the water depth of
the pool. The scanning was carried out using the Leica Scan Station II. The water depth
inside the pool was varied from 0.38 to 0.6 m.

Water

=+, LASER Scanner e
§ Station 1 L

Figure 3. Experimental set-up in the pool [29,30] (used with permission).

Initially, the prefabricated scour hole was dry scanned to obtain a reference model
for calibration. The dry scan of the prefabricated scour model was used as a reference
model to compare the scan data for different turbidity levels and water depths. The scour
mapping was carried out by mixing kaolinite powder with pool water to increase the tur-
bidity [2]. Based on the underwater scan, the depth of water was decreased when the un-
derwater scan of the prefabricated scour hole was not completely visible. The underwater
scan was carried out for turbidity levels up to 20.8 NTU. For turbidity 20.8 NTU, the depth
near the prefabricated scour hole was 0.2 m, and 0.3 m elsewhere in the pool. The green
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laser undergoes refraction underwater and refraction correction was applied to the scan
data. Figures 4 and 5 show the sample scan for a turbidity level of 5.5 NTU before and
after applying refraction correction.

Figure 4. Three-dimensional laser scan prior to refraction correction for turbidity 5.5 NTU [29] (used
with permission).

Figure 5. Three-dimensional laser scan following the refraction correction for turbidity 5.5 NTU [29]
(used with permission).

The laboratory experiments showed the green laser is effective in underwater map-
ping. As the turbidity of water in the pool was increased, the edges of the prefabricated
scour hole became less visible even after the depth of water was decreased.

2.2. Field Testing

Based on the laboratory testing, the green laser was used for a feasibility study of
scour mapping around one railroad bridge and two highway bridges in South Florida,
United States. Figure 6 shows the location of all the bridges considered here in this study
for the underwater scan using green laser. The railroad bridge selected for the study is the
SXG59.70 railroad bridge near SW 112th St, Miami, Florida, United States. The average
turbidity of the water samples collected from the canal’s surface is 0.45 NTU. The pictorial
view and the approximate dimensions of the SXG59.70 railroad bridge are shown in Fig-
ures 7 and 8. Figures 9 and 10 show the scan station on the right and left banks of the canal
near the railroad bridge.
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Figure 8. Dimensions of the railroad bridge —Miami, Florida (approximate) [29,30] (used with per-
mission).
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Figure 10. Scan station 2 set up on the left bank of the canal near the railroad bridge.

The first highway bridge selected for the study was the Little Lake Worth bridge near
11072-11078 Florida A1A, Palm Beach Gardens, Florida, United States (Figure 11). The
Florida Department of Transportation (FDOT) owns and maintains the bridge. The
bridge’s approximate dimensions are shown in Figure 12.

Figure 11. Pictorial view of the highway bridge—Little Lake Worth bridge, Florida [29,30] (used
with permission).
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Figure 12. Dimensions of the highway bridge (approximate)—Little Lake Worth Bridge, Florida
[29,30] (used with permission).

Water samples were collected during the scanning process from different locations
around the highway bridge piers. The average turbidity of the water samples collected
from the surface was 1.74 NTU. For underwater scanning, an ASPEN A-62 Bridge Inspec-
tion snooper truck was used (Figure 13). The snooper truck is owned by the Florida De-
partment of Transportation District 4 office located in Fort Lauderdale, Florida, United
States. The Leica Scan Station II with the tripod was set up in the man basket of the snooper
truck (Figure 14).

Figure 13. Snooper truck used for underwater scanning of highway bridge—Little Lake Worth
Bridge, Florida.
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Figure 14. Leica scan station II set up in man basket of snooper truck used for underwater scanning
of highway bridge—Little Lake Worth Bridge, Florida.

The second highway bridge selected for the study was the 5X.928 located in the SW
Warfield Blvd Road (FL-710), Indiantown, Florida, USA. The bridge is owned and main-
tained by the Florida Department of Transportation. The water under the bridge was
highly turbid and the water depth under the bridge was 0.28 m. Water samples were col-
lected to measure the average turbidity of the water and the turbidity was 5.25 NTU. Fig-
ure 15 shows the Leica scan station II set up for underwater scanning of SX.928 highway
bridge. The approximate dimensions of the bridge are shown in Figure 16.

Figure 15. Leica scan station II set up for underwater scanning of SX.928 highway bridge.

44m ]

Figure 16. Dimensions of the SX.928 highway bridge (approximate).
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3. Results and Discussions

The first underwater scan was performed for the SXG59.70 railroad bridge. The scan
stations were set up on both banks of the canal. The scan was carried out for the right end
(in red circle) of the pier using two scan stations on the two banks of the canal (Figure 17).
Figure 18 shows the point cloud data collected from the right bank of the canal (station 1),
and Figure 19 shows the point cloud data collected from the left bank of the canal (station
2). Figures 20-22 show the point cloud data before and after the refraction correction.
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Figure 17. Dimensions of the railroad bridge with targeted end pier in red circle—Miami, Florida
[29,30] (used with permission).

Figure 18. Green laser point cloud data collected from station 1 [29,30] (used with permission).

Figure 19. Green laser point cloud data collected from station 2 [29,30] (used with permission).
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Figure 20. Railroad bridge green laser point cloud data before refraction correction [29,30] (used
with permission).

Figure 21. Railroad bridge green laser point cloud data from station 1 before (green) and after
(white) refraction correction [29,30] (used with permission).

Figure 22. Railroad bridge green laser point cloud data from station 2 before and after (white) re-
fraction correction [29,30] (used with permission).

From Figures 20-22, the green laser was unable to reach the bottom of the bridge pier
due to high water turbidity in the canal. The bottom of the canal was highly turbid, and
the green laser could not reach the bottom of the canal.

The underwater scan was performed for the bridges using the green laser. For the
highway bridge, laser scanning was performed using the help of a snooper truck.
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The scan was carried out for the left end pier (in red circle) using the Leica Scan Sta-
tion in the man basket (Figure 23). With the help of the snooper truck, the man basket
could be moved around various locations. The man basket was able to be moved around
different locations, and scan data was collected when the man basket was stationary. Fig-
ures 24 and 25 show the scan data of the left end pier.

4

Figure 23. Dimensions of the highway bridge with targeted end pier in red circle—Little Lake
Worth, Florida [29,30] (used with permission).

|
ora] . s |

Figure 24. Scan data of the end pier of the highway bridge, Little Lake Worth, Florida (display by
hue intensity) [29,30] (used with permission).
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Figure 25. Scan data of the end pier of the highway bridge, Little Lake Worth, Florida (display by
intensity) [29] (used with permission).
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Since there was constant boat traffic under the bridge, the water on the top surface
was disturbed continuously (Figure 26). The underwater scan data of the left end pier was
collected effectively. The laser was undergoing refraction while traveling through the wa-
ter, and refraction correction was carried out for the data points collected. Figure 27 shows
the point cloud data before and after refraction correction.

Figure 26. Boat traffic under the highway bridge, Little Lake Worth, Florida.

Figure 27. Point cloud data before (green) and after (white) refraction correction of the left end
pier—Little Lake Worth, Florida [29,30] (used with permission).

From the point cloud data, it is visible that there is no visible scour around the left
end pier. The green laser is effective in underwater scanning around the bridge pier. The
scan data around other piers were not able to be obtained as there was continuous boat
traffic.

The final scan was carried out for the center pier and right end (shown in red circle)
of the SX.928 highway bridge using the Leica Scan Station II (Figure 28). Figure 29 shows
the point cloud data from the scan. The green laser was unable to reach the bottom of the
highway bridge due to highly turbid water. The scattering of the laser was also high for
this case.

Figure 28. Dimensions of the SX.928 highway bridge with targeted scan areas in red circle.
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Figure 29. Point cloud data from the laser scan for SX.928 highway bridge.

4. Conclusions

The feasibility study was carried out using the green laser to examine scour around
one railroad bridge and two highway bridges in South Florida, USA. The railroad bridge
selected was the SXG59.70 railroad bridge near SW 112th St, Miami, Florida, United States.
The highway bridges selected were the Little Lake Worth bridge near 11072-11078 Florida
A1A, Palm Beach Gardens, Florida, and the SX.928 bridge located in the SW Warfield Blvd
Road (FL-710), Indiantown, FL, USA. The feasibility study was carried out based on la-
boratory studies conducted on a prefabricated scour hole in a pool with diameter 3.048 m.
The turbidity inside the pool was changed by adding Kaolinite powder. The turbidity in-
side the pool was changed from 1.2 to 20.8 NTU. When the green laser travels from air to
water, the laser undergoes refraction and refraction correction was applied to the collected
data points. The minimum range, maximum rangge, reflectance, and point density play an
important role in underwater scanning [2]. The incident angle of the green laser plays an
important role in the underwater scanning. The green laser has the advantage of penetrat-
ing through the turbid water and gives a complete view of the scour hole. Based on the
water samples collected from different locations around the railroad and highway bridge
piers, the average turbidity of water for the railroad bridge was 0.45 NTU and for the
highway bridges were 1.74 and 5.25 NTU. The underwater scan was carried for the right
end pier of the SXG59.70 railroad bridge from the banks of the canal using the Leica Scan
Station II. The green laser was unable to reach the bottom of the bridge pier due to high
water turbidity in the canal. Since the bottom of the canal was highly turbid, the green
laser could not reach the bottom of the canal. The underwater scanning using the green
laser extended to the Little Lake Worth and 5X.928 highway bridges. An underwater scan
was carried out for the left end pier of the Little Lake Worth bridge with the help of an
ASPEN A-62 Bridge Inspection snooper truck. The underwater scan data of the left end
pier was collected effectively. Underwater scans around other piers of Little Lake Worth
bridge were not able to be performed due to highly turbid water created by continuous
boat traffic. The final scan was carried out for the center pier and right end of the SX.928
highway bridge. The green laser was not able to reach the bottom of the highway bridge
due to highly turbid water. Based on the feasibility study of scour measurement around
railroad and highway bridges, it was concluded that turbidity plays a significant role in
the efficiency of green laser in underwater mapping. Turbidity should be measured at dif-
ferent locations of the water body. Green laser mapping is an effective method for scour
monitoring and mapping since it is a non-contact method of scour monitoring. Scour mon-
itoring using the green laser can be used for monitoring scour around bridge piers made
up of concrete, steel, wood, etc. [32,33]. Bridge pier corrosion can be monitored using the
green laser [34] and can be used for bathymetry profiling [35-37] and the detection of
underwater objects [2]. The scour around the offshore structures like gravity-based, mono-
pile, tripod, and suction bucket type structures in shallow water can also be monitored
using green laser [33,38,39].
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