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Abstract: This study developed a sonar scanning scheme for underwater high-rise pile cap foun-
dations (HRPCFs) to improve the efficiency of bridge inspection and prolong structural durability.
First, two key factors in the measurement point arrangement that significantly affect the accuracy
of sonar measurement—the appropriate range of measurement distance and the pitch angle—were
determined experimentally. Subsequently, an assembled platform was designed to firmly hold the
sonar and conveniently move it under strong currents to effectively provide clear images of the pile.
A strategy was developed to determine the appropriate number and horizontal and vertical positions
of the measurement points around each pile in the pile group, particularly to avoid the obstruction of
signal propagation caused by adjacent piles and pile caps. The method was applied to the scanning
of an underwater high-rise pile cap foundation of a bridge, and the results showed that the scanning
ranges of the imaging sonar at all arranged measurement points were not affected by adjacent piles.
The imaging sonar carried by the proposed platform could obtain clear images stably at a water
speed of ~2.0 m/s and obtain all surface data of the pile quickly and completely.

Keywords: bridge pile; imaging sonar; inspection; measuring point arrangement; sonar-carried platform

1. Introduction

Recently, HRPCFs [1] have been widely used in the construction of sea-crossing
bridges, wharves, and other off-shore infrastructures, and consist of a group of partially
embedded piles and an elevated cap. However, the long-term impacts of water erosion,
chloride ion erosion, and wet/dry cycles in the wave splash zone have caused the gradual
degradation of the concrete protective layer surrounding bridge pile foundations, result-
ing in concrete spalling, cracks, and corrosion of the steel bars, which seriously affect
the structural stability and safety of the bridge. Compared with the inspection of bridge
superstructures, it is more challenging to inspect the bridge substructure defects because
they are often hidden in the water. Previously, the underwater defects inspection of bridge
substructures was performed by specially trained divers [2–4]; however, the accuracy and
efficiency of manual inspection did not meet the requirements of the Federal Highway
Administration (FHWA) inspection manuals and reports for defect detection and measure-
ment [5]. More importantly, rapid eddy currents that often occur around the piles can
threaten the safety of divers. In addition, low underwater illumination owing to the easy
absorption of visible light by water, hinders optical inspections executed by the divers
and prevents clear images from being obtained by underwater cameras. By contrast, the
attenuation of sound waves in water is significantly lower than that of light waves. The
utilization of sound waves in imaging sonar (IS), along with the improved safety associated
with using sonar devices rather than humans, promotes its application in the inspection of
underwater piles to detect cavity and spalling [6–9], scouring [10–14], and cracks [15,16].

IS is usually used in deep-sea exploration and underwater terrain mapping, where
low-accuracy sonar imaging with a maximum allowable error generally in the range of
tens of centimeters is acceptable. However, a more accurate error size identification with a
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maximum allowable error of lower than 1–2 cm is generally required for defect detection in
the underwater components of bridges. Neither the relationship between the IS position
nor the measurement error between the defect size extracted from the sonar image and its
actual size have been adequately discussed in the existing literature and applications [6–17].
The accuracy of IS on underwater objects is significantly influenced by the distance between
the sonar device and the target, and the angle between the central axis of the sonar beam
and the target. During sonar imaging, a wavefront expands as the distance from the source
increases, and the sonar cannot recognize different objects within the same wavefront,
resulting in the measurement accuracy decreasing [18–20]. A measurement of 60 targets
with lengths in the range of 141.4–392.8 mm revealed an error exceeding 15 cm when the
target was almost parallel to the IS, whereas the error was within 5 cm when the target was
at an angle of 60◦ to the center axis of the sonar beam; the maximum imaging accuracy was
achieved when the target was perpendicular to the central axis of the sonar beam [21,22].
Because the sizes of most defects on pile surfaces range from several millimeters to tens of
centimeters, additional research is required to quantify the impact of distance and angle on
IS accuracy.

Another key issue in the underwater inspection of HRPCFs is the applicability of sonar
carriers. Shipping vessels are the most common carriers of IS [13], but it is difficult for the
imaging accuracy to meet the demand because ships are often scanned tens of meters away
to prevent collision with piles. AUVs can be operated remotely and approach the target
and have been successfully applied in breakwater structure scanning [23], subsea pipeline
inspection [24], and subsea topography scanning [25]. Song [26] applied AUVs to inspect
the Jiaozhou Bay Bridge in Qingdao, China. However, AUVs have difficulty maintaining
stability in high-velocity water, particularly at flow velocities exceeding four knots [17],
resulting in blurred images. In addition, potential vortices near the piles threaten the safety
of the AUV and IS. A lightweight tripod, which is a simple device for holding an IS device,
was used in the underwater pile inspections of railroad bridges in Iowa and Wisconsin,
USA [5] and the Caoejiang Bridge in the Zhejiang Province of China [6]. Although a
lightweight tripod can maneuver the IS device very close to the pile, the inconvenience
of moving it from one point to another reduces its work efficiency in practical scanning.
Another solution is to design a movable platform that can carry an IS device closer and fix it
to the pile [14,17]. However, these platforms are designed for the long-term fastening of IS
devices, and lack the convenience of mobility from one pile to another, which significantly
reduces the scan efficiency. The measurement stability and moving convenience determine
the applicability of the IS carrier for the underwater inspection of HRPCFs. Therefore, a
sonar-carried platform that can be easily moved and approached to bridge piles and that
enables stable imaging of the sonar is needed.

The number and location of the measurement points primarily determine the in-
spection efficiency [27]. In practice, engineers usually employ the minimum number of
measurement points to improve detection efficiency while meeting the requirements of
accuracy and comprehensiveness. The standard method uniformly places the measurement
points around the object in a circular direction [28]. However, this method is not applicable
to the underwater inspection of HRPCFs. As shown in Figure 1a, an HRPCF is a pile group
consisting of multiple piles. In Figure 1b, all measurement points in area A (colored red)
are inaccessible because of the complex water currents [29] and the vortices [30], resulting
in incomplete scanning of the surfaces of the pile group. Thus, additional measurement
points are required to replace these points, based on the size and positions of the piles
within the cap, for the complete and efficient underwater inspection of defective HRPCFs.
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Figure 1. Schematic diagram of HRPCF and scanning: (a) pile group; (b) layout of measurement
points placement.

The main contributions of this work can be summarized as follows:

• Analyzed the effect of scanning position on the accuracy of sonar imaging experimen-
tally, which provides a basis for the placement of IS measurement points
in Section 2;

• Designed a sonar-carried platform suitable for HRPCF scanning and field tested
in Section 3;

• Designed a measurement point placement scheme for bridge pile sonar scanning and
provides a replacement scheme for obstacle points (Figure 1b) in Section 4;

• Tested the proposed scheme in the field at the Wulong River New Bridge, and verified
the theoretical feasibility in Section 5.

Through the above work, we achieved the sonar scanning of HRPCFs and improved
the inspection efficiency. Based on the inspection results, we can provide the basis for the
rehabilitation work and prolong the bridge’s service life.

2. Relationship between the Measuring Accuracy of IS and the Scan Distance, and the
Pitch Angle

The accuracy of the IS for detecting defects varied according to the sonar position.
In actual inspections, the location of the IS can be determined based on the preset values
of horizontal scanning distance l and pitch angle ω (Figure 2b). Therefore, to meet the
scanning accuracy requirements, the relationship between the measuring accuracy of IS
and horizontal scanning distance l and pitch angle ω was experimentally established, and
the range of IS measurement positions required for different size defects was analyzed.
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Figure 2. Experiment design and operation: (a) design and manufacture of columns with spalling;
(b) locations of IS device and columns.

2.1. Experiment Design and Operation

Five semi-cylindrical concrete columns embedded with spalling to different depths
were manufactured to simulate piles with different defect levels. Because the outer edge of
the spalling was located on the column surface, the length and width of the spalling mea-
sured by the IS were relatively accurate, and the measurement error of the spalling depth
was dependent on the position of the IS device. Therefore, the accuracy of the measured
spalling depth was selected as the indicator to evaluate the measurement accuracy of IS.
In this study, the length and radius of the columns were 0.6 and 0.2 m, respectively. The
depth (d) of spalling was set to 10, 20, 30, 40, and 50 mm.

The Kongsberg MS 1171, a high-resolution IS device widely used in various under-
water situations, was chosen as a testing instrument. It was configured using the MS1000
sonar processing software in a high-frequency mode (1.2 MHz to achieve the best imaging
quality for the defect). The sampling and distance resolutions of the sonar were 1 and 7.5
mm, respectively. The scanning range was set to a sector with a radius of 10 m to rotate the
entire tank. α, as the vertical beamwidth of the scan signal, was set as 28◦. The other param-
eters were maintained at the sonar default values. The MS1000 sonar processing software
was also able to directly display the sonar image and measure the distance between any
two points on the image.

The columns were placed at multiple locations in a 7.1 m long, 5.1 m wide, and
1.5 m deep experimental tank filled with fresh water. The mid-vertical plane of spalling was
perpendicular to the central plane of the sonar beam. The horizontal scan distance l ranged
from 0.5 to 5.0 m with a uniform increasing step of 0.5 m. Because an excessively large
pitch angle may weaken the echo signal, the angle ranged from 0◦ to 60◦ with a uniform
increasing step of 10◦.

2.2. Results and Discussion

Because nearly 300 images were obtained, each image could not be individually
displayed. As examples, Figure 3 shows two of the sonar images (l = 1.5 m, ω = 10◦, and
l = 1.5 m, ω = 30◦) and the process for identifying the measured spalling depth (dm)
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from each image. On the right side of Figure 2a, the yellow area similar in shape to the
component shown in Figure 3a indicates the spalling in the concrete column. The bright
lines on the leftmost side of the column and spalling are regarded as straight lines AB and
CD in Figure 2b. Thus, the value of dm was directly and easily measured. Table 1 lists all
values of dm for different values of l and ω.
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Figure 3. Measured depth (dm) of spalling from the obtained sonar image: (a) dm = 51 mm (d = 50 mm,
l = 1.5 m, ω = 10◦); (b) dm is not measurable (d = 10 mm, l = 0.75 m, ω = 20◦).

Three conclusions can be drawn from the results presented in Table 1. First, as shown
in Figure 3b, regardless of the measured distance and pitch angle, the IS device was unable
to detect spalling at a depth of approximately 10 mm because this distance was similar to
the distance resolution of the sonar (7.5 mm). Second, irrespective of the perspective of
l or ω, the difference between dm and d first decreased and then increased, indicating the
existence of a reasonable value range for both l and ω to reduce the measurement error.
The fact that the maximum measuring distance increased to 3.5 m when the spalling depth
increased to 20 mm indicates that the preset maximum value of l in a practical inspection
is approximately 3.5 m. The preset minimum value of l can be 0.75 or 1.0 m, depending
on the error variation trend. Furthermore, the allowable ω increased with a decrease in l,
and vice versa. Third, the measured dm value was always greater than the actual spalling
depth. This indicates that, compared with the defect identified from the sonar image, the
real damage is less severe, and the sonar-image-based safety evaluation of a defective pile
is conservative.

The data from Table 1 are plotted in Figure 4(a1–d3), using l = 1.0 and 3.0 m as the
dividing points. Because the cover of actual piles typically exceeds 50 mm, 10% of the
minimum cover (i.e., 5 mm) can be considered as the threshold for evaluating whether
the IS accuracy meets the practical requirements. The actual spalling depth and allowable
error are represented by the blue and red dashed lines in these figures. Figure 4 shows
that the measurement error presents an obvious U-shaped distribution with increasing
measurement distance l. When l < 1.0 m, the dm values are mostly above the blue line and
below the red line, except for the case of ω ≤ 10◦. Furthermore, it reveals that a distance
l that is too close will result in an increased measurement error, whereas increasing l can
reduce the measurement error. In addition, even if l remains constant, the measurement
error will increase if ω ≥ 40◦. When 1.0 m ≤ l ≤ 3.0 m, the measurement error of each case
is less than the allowable error. In contrast, at l ≥ 3.5 m, most measurement errors reach
or exceed the allowable error. Based on the above analysis, the appropriate preset value
ranges of l and ω are set as 1.0 m ≤ l ≤ 3.0 m and 0◦ ≤ ω ≤ 50◦, respectively.
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Table 1. Measured dm values for different values of l and ω (unit: mm).

d/mm l/m
ω

d/mm l/m
ω

0◦ 10◦ 20◦ 30◦ 40◦ 50◦ 60◦ 0◦ 10◦ 20◦ 30◦ 40◦ 50◦ 60◦

50

0.5 59 55 51 51 51 51 53

40

0.5 46 44 42 42 40 40 41
0.75 57 54 51 51 51 54 - 0.75 44 42 41 41 41 41 -
1.0 53 51 51 51 51 54 - 1.0 41 41 40 41 41 42 -
1.5 51 51 51 52 54 - - 1.5 40 42 42 44 45 - -
2.0 50 50 51 53 - - - 2.0 40 42 42 43 - - -
2.5 50 51 51 54 - - - 2.5 40 41 42 44 - - -
3.0 51 51 52 - - - - 3.0 41 43 45 - - - -
3.5 51 52 54 - - - - 3.5 41 43 45 - - - -
4.0 52 55 - - - - - 4.0 42 44 - - - - -
4.5 54 56 - - - - - 4.5 43 46 - - - - -
5.0 59 60 - - - - - 5.0 46 47 - - - - -

d/mm l/m
ω

d/mm l/m
ω

0◦ 10◦ 20◦ 30◦ 40◦ 50◦ 60◦ 0◦ 10◦ 20◦ 30◦ 40◦ 50◦ 60◦

30

0.5 35 33 32 31 31 31 33

20

0.5 27 24 23 21 20 21 22
0.75 34 33 31 31 30 33 - 0.75 25 24 22 20 21 21 -
1.0 32 32 31 30 30 31 - 1.0 23 23 22 21 21 20 -
1.5 32 31 30 32 - - - 1.5 21 21 21 21 21 - -
2.0 31 31 30 32 - - - 2.0 21 20 21 22 - - -
2.5 30 32 33 34 - - - 2.5 21 21 22 24 - - -
3.0 32 33 35 - - - - 3.0 21 21 23 - - - -
3.5 33 33 38 - - - - 3.5 23 25 26 - - - -
4.0 36 44 - - - - - 4.0 * * - - - - -
4.5 * * - - - - - 4.5 * * - - - - -
5.0 * * - - - - - 5.0 * * - - - - -

d/mm l/m
ω

0◦ 10◦ 20◦ 30◦ 40◦ 50◦ 60◦

10

0.5 * * * * * * *
0.75 * * * * * * -
1.0 * * * * * * -
1.5 * * * * * - -
2.0 * * * * - - -
2.5 * * * * - - -
3.0 * * * - - - -
3.5 * * * - - - -
4.0 * * - - - - -
4.5 * * - - - - -
5.0 * * - - - - -

The symbol “-” indicates that certain large pitch angles cannot be achieved when the corresponding measuring
distance exceeds a certain limit due to the insufficient depth of the tank. The symbol “*” indicates that spalling
cannot be detected or measured in the sonar image.
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(a2) d = 50 mm, l = 1.0 m to 3.0 m; (a3) d = 50 mm, l = 3.5 m to 5.0 m; (b1) d = 40 mm, l = 0.5 m and
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l = 0.5 m and 0.75 m; (d2) d = 20 mm, l = 1.0 m to 3.0 m; and (d3) d = 20 mm, l = 3.5 m.
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3. Design and Manufacture of an Assembled Sonar-Carried Platform

The requirement for a wide range of inspection scenarios for variable types, sizes, and
materials of underwater piles instigated the modular design of a new platform comprising
an assembled floating island and a lifting device. The main purpose of the design was to
hold the IS device firmly in place in a strong current, expand the movable range of IS, and
accelerate platform assembly and disassembly.

3.1. The Assembled Floating Island

As shown in Figure 5a, the floating island is rectangular and consists of two symmetri-
cal parts. The two parts can be connected using rods or bolts to form a variable-diameter
hole to accommodate the pile or pile cap. Each part is an isolated prefabricated structure
assembled using numerous buoys. All the buoys are hollow and sealed to decrease their
self-weight and increase their buoyancy in water. Moreover, the disassembled buoys are
easily transported by pickup trucks or other small trucks. Several horizontal rods extend
from the inner arc of the floating island to fix it tightly to the outer surface of the pile, even
under the impact of running water. A pulley is fitted at the end of each horizontal rod to
enable the sonar-carried floating island to easily rotate around the pile. The floating island
can be towed by motorboats or manually driven. Based on this design, an initial prototype
of the proposed floating island is shown in Figure 5b.
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moved up and down through gear transmission.  

Once the floating island is firmly aĴached to a pile, the lifting device can be rotated 
horizontally to position the IS device at a predesigned horizontal position. Subsequently, 
the IS device can descend to a predesigned height by moving the vertical rod. An initial 
prototype of the lifting device, which can deliver the IS device stably to a maximum depth 
of 13 m at a water speed of approximately 2.0 m/s in subsequent field tests, is shown in 
Figure 6b. Moreover, if the upper surface of the cap is above the water level, the lifting 
device can be placed on the surface for direct measurement.  

Figure 5. Trial-produced prototype of the assembled floating island: (a) 3D sketch of the design;
(b) photo of the trial-produced prototype.

3.2. The Lifting Device to Carry the IS Device

The lifting device illustrated in Figure 6a consists of two parts: fixation installation
and lifting equipment. The fixation installation is used to fix the IS device to the floating
island. The lifting equipment contains a hand crank, a turntable, several interconnected
gears, and a vertical rod with straight racks on both sides. The IS device is fixed at the end
of the rod using a clamp. The hand crank can be rotated to turn the turntable while the
internal gears rotate synchronously. Thereafter, the vertical rod with the IS device can be
moved up and down through gear transmission.
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of approximately 40 min.  

Figure 6. Trial-produced prototype of the lifting device: (a) 3D sketch of the design; (b) photo of a
trial-produced prototype.

Once the floating island is firmly attached to a pile, the lifting device can be rotated
horizontally to position the IS device at a predesigned horizontal position. Subsequently,
the IS device can descend to a predesigned height by moving the vertical rod. An initial
prototype of the lifting device, which can deliver the IS device stably to a maximum depth
of 13 m at a water speed of approximately 2.0 m/s in subsequent field tests, is shown in
Figure 6b. Moreover, if the upper surface of the cap is above the water level, the lifting
device can be placed on the surface for direct measurement.

3.3. Onsite Testing of the Platform

The aim of this test was to verify whether the platform could operate conveniently
during the onsite scan.

3.3.1. Overview of the Substructure of the Onsite Bridge

The Wulong River Highway Bridge, as shown in Figure 7, is a concrete T-beam bridge
with a span arrangement of 29 × 20 m + 11 × 35 m + 3 × 110 m + 21 × 35 m that crosses
the Wulong River in Fuzhou City, Fujian Province, China. Numerous two-column bents
and concrete piles with uniform diameters of 1.5 m were used in the bridge substructure.
The pile cap is submerged for most of the year. The No.3 bents, situated approximately
40 m from the shoreline of the river, were tested in this study.
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3.3.2. Test Procedure and Results

The test was conducted on 20 June 2019, which was the day with the highest astronom-
ical tide. The current velocity in the test area was approximately 2.0 m/s. The yellow color
of the river indicated a large amount of mud and sand. Prior to the test, 24 disassembled
buoys and four length-adjustable rods were delivered by a pickup truck to the river shore.
Each buoy was fabricated with a barrel and enclosed externally by a light metal frame. The
procedure and duration of each test step are listed below. Figure 8 shows test steps III–VI.
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Step I: All the buoys and rods were assembled into a floating island within a duration
of approximately 40 min.

Step II: The floating island was driven by a ship closer to the pile. The time taken was
approximately 5 min.

Step III: The floating island was divided into two parts and reconnected around the
pile using bolts. The pile was positioned inside a formed hole.

Step IV: The length of each rod was adjusted to ensure that the end of each rod was
against the pile surface. During this time, the pile was sandwiched between the floating
islands. The duration of steps III and IV was approximately 20 min.

Step V: The lifting device was installed on the floating island and connected succes-
sively via five vertical rods to lower the IS device to a depth of 5 m. The duration was
approximately 10 min.

Step VI: The pile was scanned within a duration of approximately 2 min.
Step VII: The floating island was rotated to move the IS device to another position.
Step VIII: The IS device was recovered, the floating island was divided, and the

platform was taken back to the shore; the process took about 30 min.
Compared to inspections by divers or AUVs, several unique advantages of the plat-

form were revealed in this test. Firstly, the preparation stage for the practical scan, com-
posed of steps I–V, took approximately 1 h, which is equivalent to the preparation time
for underwater inspector diving. Moreover, the platform was suitable for lengthy pile
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inspections, whereas an underwater inspector can only dive for a few hours per day. The
next advantage concerns the safety and stability of inspections in strong currents. The
sonar images of the underwater pile clearly demonstrated that the pile was intact, which
was consistent with the results of the underwater detection by divers. This also proves that
the platform was able to ensure a stable sonar scan under a flow rate of 3–4 knots. This
high flow rate would pose a danger to the divers and AUVs. Thus, we concluded that the
platform is suitable for underwater inspection in the case of extended periods, high flow
rates, and muddy water environments.

4. Measuring Point Arrangement

Each measurement point contained one horizontal and one vertical position. The
first three subsections discuss the horizontal arrangement of the sonar-scanning mea-
surement points: Section 4.1 discusses the arrangement of the measurement points dur-
ing the scanning of a single pile, Section 4.2 uses the extension method to move un-
reachable measurement points under the pile cap outside the cap, and Section 4.3 dis-
cusses the replacement of the unmovable measurement points. Section 4.4 discusses the
vertical arrangement.

4.1. Absence of a Pile Cap

The pile cap is excluded in the case of a large-diameter cast-in-place pile. If the water
level is significantly lower than the bottom of the cap, the influence of the pile cap on
the IS scan can be ignored. The sonar can be placed at any position beyond the smallest
distance, typically an approximate distance of 0.5 m from the instrument to the pile, to avoid
image distortion.

As illustrated in Figure 9, α, β, r, and l represent the vertical beamwidth of the scan
signal, the central angle of the horizontal scanning range, the radius of the pile, and the
shortest distance between the IS device and pile edge, respectively. In Figure 9a, α0 is the
maximum horizontal beamwidth of IS, and it is also a predesigned value based on the IS
performance. l0 is the corresponding horizontal distance from the IS device to the pile edge.
β0 is equal to the supplementary angle of α0. Thus, β0/2 = π/2 − α0/2. Therefore, the
relationship between l0 and r is as follows:

(r + l0) sin(α0/2) = r (1)
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Based on Equation (1), l0 is obtained as follows:

l0 = [csc(α0/2)− 1]r (2)

Considering that the scanning ranges of adjacent measuring points need to partially
overlap, the number n0 of the required measuring points is determined as follows:

n0 =

{
int(2π/β0) + 1, 0 ≤ mod(2π/β0) < 0.5
int(2π/β0) + 2, 0.5 ≤ mod(2π/β0) < 1

(3)

where int () and mod () represent the integer- and fraction-valued functions, respec-
tively. For 0 ≤ mod(2π/β0) < 0.5, the total overlap area is relatively large, whereas for
0.5 ≤mod(2π/β0) < 1, the total overlap is relatively small. Thus, n0 must be increased to
increase the range of the overlap area.

If n0 is significantly lower than the expected number determined from experience,
both l and α need to be reduced. Figure 9b shows the relationship of α, r, and l for l ≤ l0
and α ≤ α0. By pre-determining the appropriate values of l and α, Equation (4) exists based
on the law of sines.

sin(π − α/2− β/2)
r + l

=
sin(α/2)

r
(4)

β is obtained as follows:

β = 2arcsin[(1 + l/r) sin(α/2)]− α (5)

By substituting Equation (5) into Equation (6), the required number n of measuring
points is obtained.

n =

{
int(2π/β) + 1, 0 ≤ mod(2π/β) < 0.5
int(2π/β) + 2, 0.5 ≤ mod(2π/β) < 1

(6)

If n0 is significantly higher than the expected number determined from experience,
l must be increased. Figure 9c shows the diagram of assuming l ≥ l0. If l is preset, β is
obtained as follows:

β = 2arccos[r/(r + l)] (7)

By substituting Equation (7) into Equation (6), the required number n of measuring
points for this study was acquired.

Figure 10 illustrates an arrangement of measuring points for a monopile without a
cap based on the acquired α, β, l, and n. All points are distributed uniformly on the circle,
which means that every point was at a uniform distance from the pile edge, and the center
angle of the arc between the adjacent measuring points is equal. The center of the pile
was assumed to be the original point of the polar coordinate system. The horizontal lines
represent the polar axes. ρ and θ represent the polar radius and polar angle of any point in
the system, respectively. Thus, the coordinates of the measuring points P0–Pn−1 are (ρ0, θ0)
− (ρn−1, θn−1). The center angle of each overlapping part is named ϕ. These parameters
are derived as follows:

ρi = r + li li = l (i = 0, 1, · · · , n− 1) (8)

θi = (2i + 1)π/n (i = 0, 1, · · · , n− 1) (9)

ϕ = β− (2π)/n (10)
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In most cases, the actual l is set to be less than l0 generally for a monopile without a
cap because the scan accuracy decreases with an increase in l.

4.2. Existence of a Pile Cap

Most pile cap arrangements can be summarized into four cases or combinations
thereof: (a) a monopile, (b) four piles (2 × 2), (c) n piles arranged in a row, and (d) six piles
(2 × 3). In addition, based on the experience from the laboratory and onsite tests, arranging
6–8 measuring points around a monopile is suitable for maintaining a balance between
scan efficiency and precision. As the derivation of the 6-point case is similar to and easier
than that of the 8-point case, the 8-point case is adopted in the following derivation.

4.2.1. A Monopile

Figure 11 shows that P0 to Pn−1 must be moved outward from the original positions
determined by the method proposed in Section 4.1 owing to the existence of the pile cap.
For example, Point O was assumed to be the center of the horizontal cross section of the
pile. Along the straight line OP0, P0 is moved outward to P’0 just outside the cap edge.
Accordingly, the distance between the point and pile edge increases from l to l′. The other
points can then similarly be moved outward to their appropriate positions. Replacing l
with l′ in Equations (5) and (10) can produce β′ and ϕ′.
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4.2.2. Four Piles (2 × 2) in a Pile Cap

Owing to the existence of the pile cap shown in Figure 12, P0, P5, P6, and P7 must
be moved outward to P′0, P′5, P′6, and P′7, respectively, which are located immediately
outside the pile cap edge. Both P′0 and P′5 showed the same movement, whereas the other
two points showed different movements.
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Subcase 1: Movement of P′0 and P′5
The shape of the pile cap is assumed to be square, and each side length of the square

is a. Four piles, named Piles 1–4, are uniformly distributed in the cap. All the piles are
positioned at an identical distance p between the center point of the pile and the pile cap
edge. The center point O of Pile 1 is defined as the original point, and the coordinate of
P′0 is given as (p/sinθ0, θ0) in the polar coordinate system. Point Q is assumed to be the
center of the horizontal cross section of Pile 2. Points A and B represent the two ends of the
overlapping range ϕ covered by two beams emitting from P′0 and P′7, respectively. Point
C is the intersection of the straight-line BP’7 and the line perpendicular to BP′7 through
point Q, and point D is the intersection of the straight-line AP’0 and the line perpendicular
to AP′0 through point Q. Point M is the intersection of the straight lines OQ and AP′0.

Based on the law of sines, Equation (11) is valid in ∆OP’0A.

sin∠OP′0A
r

=
sin
(
π −∠OP′0A− θ0 − ϕ/2

)
p/sin θ0

(11)

The expression of ∠OP′0A is derived as follows:

∠OP′0 A = arccot
[

p
r · sin(θ0 + ϕ/2) · sin θ0

− cot(θ0 + ϕ/2)
]

(12)

In ∆OP′0M, Equation (13) is built similarly based on the law of sines.

sin∠OP′0M
OM

=
sin
(
π −∠OP′0M− θ0

)
p/sin θ0

(13)

Then, the length of line segment OM is obtained as follows:

OM =
sin∠OP′0M

sin(∠OP′0M + θ0)
· p

sin θ0
=

sin∠OP′0 A
sin(∠OP′0 A + θ0)

· p
sin θ0

(14)
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Although Pile 2 can partially obstruct the transmission of the sound waves emitting
from P’0, the obstruction should not reduce ϕ. This requirement can be expressed using
Equation (15).

sin∠OP′7B
r

=
sin[π −∠OP′7B− (2π − θ7 + θ0/2)]

(a− p)/cos(2π − θ7)
(15)

Thus, if Equation (15) is satisfied, the existence of the pile cap and Pile 2 will have no
influence on the IS device placed at P′0. By applying symmetry, analogous deductions can
be made to derive the conditions that ensure that the pile cap and Pile 4 will not affect the
IS device placed at P′5.

Subcase 2: Movement of P′6 and P′7
In OP′7B, Equation (16) is valid based on the law of sines.

sin∠OP′7B
r

=
sin[π −∠OP′7B− (2π − θ7 + θ0/2)]

(a− p)/cos(2π − θ7)
(16)

The expression of ∠OP’7M is derived as follows.

∠OP′7B = arccot
[

cot(θ7 − ϕ/2)− a− p
r sin(θ7 − ϕ/2) cos θ7

]
(17)

In OP’7M, Equation (18) is built similarly based on the law of sines.

sin∠OP′7M
OM

=
sin[π −∠OP′7M− (2π − θ7)]

(a− p)/cos(2π − θ7)
(18)

The length of line segment OM is obtained as follows.

OM =
sin∠OP′7M

sin(∠OP′7M− θ7)
· a− p

cos θ7
=

sin∠OP′7B
sin(∠OP′7B− θ7)

· a− p
cos θ7

(19)

Equation (20) expresses the condition for an IS device placed at P′7 to propagate
its signal without being affected by the pile cap and pile 2. According to symmetry, the
condition guaranteeing that the pile cap and Pile 3 do not affect the IS device placed at P’6
and P′5 can also be derived through an analogous deduction.

r ≤ CQ = MQ · sin∠P′7MQ = (OQ−OM) · sin(2π − θ7 +∠OP′7B)
= (OQ−OM) · sin(∠OP′7B− θ7)

(20)

4.2.3. N Piles Arranged in a Row in a Pile Cap

As shown in Figure 13, the proposed method can be used to verify the feasibility of
measuring the point arrangement for N piles standing in a row in a pile cap. The point
placement in Figure 13 is a typical extension of that in Figures 11 and 12.
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4.2.4. Six Piles (2 × 3) in a Pile Cap

Figure 14 shows the case of six piles arranged in two rows and three columns in a
pile cap. All the measurement points are moved outwards to the outside of the pile cap
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edge. The movements of P3 and P4 are symmetrical to those of P0 and P7, respectively. The
applicable conditions for these movements are the same as those in Equations (11)–(20).
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For the case of more than six piles standing in more than two rows, the derivation of
the feasibility of the measuring point arrangement is similar to that shown in Section 4.2.2.

4.3. Replacement of Unmovable Measuring Point

Although Section 4.2 proposes a method to move the point under the pile cap outward
to the edge of the pile cap, the movements of some measuring points are inaccessible
because they are blocked by neighboring piles. Figure 15a illustrates one unmovable point
(P4), and Figure 15b shows three unmovable points (P0, P7, and P6). In these cases, a
feasible solution is to replace the obstructed points with adjacent free points or additional
points to guarantee that the scanning range remains unchanged.
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4.3.1. Feasibility of Replacing One Point

As shown in Figure 16, the movement of P4 is obstructed by Pile 4. Thus, the feasibility
of placing an IS device at P′5 to scan Pile 4 is given as follows: Points O and R represent
the centers of the cross sections of Pile 1 and Pile 3, respectively. P5 is moved outward
to P′5, located at the edge of the cap. The distance p from the center of the cross section
to the edge of the cap is uniform for each pile, ranging from Pile 1 to Pile 4. F is the
intersection of OP4 and the pile surface, and G is the intersection between OR and FP′5. S
is the intersection of FP′5, and the line perpendicular to FP′5 through R. A polar coordinate
system can be constructed for Pile 1, assuming the center O of Pile 1 is the original point,
and the horizontal line is the polar axis. δ is the angle between OR and the polar axis. θ4
and θ5 represent the angular coordinates of P4 and P5, respectively. According to symmetry,
the replacement is valid if the signal emitted from P′5 can reach F without hindrance.

Sustainability 2023, 15, x FOR PEER REVIEW 17 of 26 
 

  

(a) (b) 

Figure 15. Few points that cannot be moved outward: (a) one unmovable point; (b) three unmovable 
points. 

4.3.1. Feasibility of Replacing One Point  
As shown in Figure 16, the movement of P4 is obstructed by Pile 4. Thus, the 

feasibility of placing an IS device at P′5 to scan Pile 4 is given as follows: Points O and R 
represent the centers of the cross sections of Pile 1 and Pile 3, respectively. P5 is moved 
outward to P′5, located at the edge of the cap. The distance p from the center of the cross 
section to the edge of the cap is uniform for each pile, ranging from Pile 1 to Pile 4. F is the 
intersection of OP4 and the pile surface, and G is the intersection between OR and FP′5. S 
is the intersection of FP′5, and the line perpendicular to FP′5 through R. A polar coordinate 
system can be constructed for Pile 1, assuming the center O of Pile 1 is the original point, 
and the horizontal line is the polar axis. δ is the angle between OR and the polar axis. θ4 
and θ5 represent the angular coordinates of P4 and P5, respectively. According to 
symmetry, the replacement is valid if the signal emiĴed from P′5 can reach F without 
hindrance.  

 

Figure 16. Replacement of one obstructed point. 
Figure 16. Replacement of one obstructed point.

Based on the law of sines, Equation (21) is valid in ∆OP′5F.

sin∠OP′5 A
r

=
sin(π −∠OP′5F−∠FOP′5)

OP′5
(21)

Substituting ∠FOP′5 = θ5 − θ4, OP’5 = (a− p)/cos(2π− θ5) into Equation (21), ∠FOP′5
is shown as follows:

∠OP′5F = arccot
[

a− p
r sin(θ5 − θ4) cos θ5

− cot(θ5 − θ4)

]
(22)

In ∆OP′5G, Equation (23) is built similarly based on the law of sines.

sin∠OP′5G
OG

=
sin∠P′5GO

OP′5
(23)

Substituting ∠P’5GO = π − ∠OP’5F − (θ5 − δ) into Equation (23), the length of OG is
obtained as follows:

OG =
(a− p) · sin∠OP′5F

cos θ5 · sin(∠OP′5F + θ5 − δ)
(24)

To avoid signal transmission being obstructed by Pile 3, Equation (25) must be valid.

r ≤ SR = GR · sin∠SGR = (OR−OG) · sin(∠OP′5F + θ5 − δ) (25)
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4.3.2. Feasibility of Replacing More Than One Point

The replacement in Figure 17 is considered an example. Points O, Q, and R are the
centers of the cross sections of Piles 1, 2, and 3, respectively. For each pile from Pile 1
to Pile 4, the distance p from the center of the cross section to the edge of the pile cap is
uniform. B is the edge point of the scan beam emitted from P0. ∠BOQ = θ0 + β/2. P′70 is
the intersection of the bisector line of ∠P7OP0 and the pile cap edge. P′67 is the intersection
of the bisector line of ∠P6OP7 and the pile cap edge. C is the intersection of BP’70 and the
line perpendicular to BP′70 through Q. E is the intersection of OP7 and the edge of P1. S is
the intersection of EP′70 and the line perpendicular to EP′70 through R. M is the intersection
of BP′70 and OQ. θ0 and θ7 are the angular coordinates of P0 and P7, respectively.
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Two conditions determine the availability of replacing P0, P6, and P7 with P′67 and
P′70. First, the scanning ranges of the IS device placed at P′67 and P′70 can cover those of
the IS device placed at P6 and P0. Second, the scanning ranges of the IS device placed at
P’67 and P′70 can cover those of the IS device placed at P7. Because of symmetry, the above
conditions are simplified as follows: (a) the scanning range of the IS device placed at P′70
can cover the scanning range of the IS device placed at P0, and (b) the scanning range of
the IS device placed at P′70 can cover the half-scanning range of the IS device placed at P7.

1. Feasibility of replacing P0 with P′70

Based on the law of sines, Equation (26) is valid in ∆OP′70B.

sin∠OP′70B
r

=
sin(π −∠OP′70B−∠BOP′70)

OP′70
(26)

∠OP′70B is derived by substituting ∠BOP′70 = β/2 + (θ0 + 2π − θ7)/2 and
OP′70 = (a − p)/cos[(θ0 + 2π − θ7)/2] into Equation (26).

∠OP′70B = arccot
[

a− p
r sin(θ7/2− θ0/2− β/2) cos(θ7/2− θ0/2)

+ cot(θ7/2− θ0/2− β/2)
]

(27)

In OP′70M, Equation (28) is built similarly based on the law of sines.

sin∠OP′70B
OM

=
sin∠P′70MO

OP′70
(28)
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Substituting ∠P′70MO = π − ∠OP’70B − (θ0 + 2π − θ7)/2 into Equation (28), OM is
obtained as follows:

OM =
(a− p) · sin∠OP′70B

cos(θ7/2− θ0/2) · sin(θ7/2− θ0/2−∠OP′70B)
(29)

Equation (30) expresses the requirement for an IS device placed at P′70 to propagate
its signal unaffected by the pile cap and pile 2.

r ≤ CQ = MQ · sin∠CMQ = (OQ−OM) · sin[∠OP′70B + (θ0 + 2π − θ7)/2] (30)

2. Feasibility of replacing P7 with P′70

Based on the law of sines, Equation (31) is valid in ∆OP′70E.

sin∠OP′70E
r

=
sin(π −∠EOP′70 −∠OP′70E)

OP′70
(31)

Substituting ∠EOP′70 = (θ0 + 2π − θ7)/2 and OP’70 = (a − p)/cos[(θ0 + 2π − θ7)/2]
into Equation (31), ∠OP′70E is obtained as follows:

∠OP′70E = arccot
[

2(a− p)
r sin(θ7 − θ0)

− cot(θ7/2− θ0/2)
]

(32)

If Equation (33) is valid, half the scanning range of the IS device at P7 can be covered
by that at P′70. Thus, Pile 3 does not affect the replacement scan.

r ≤ SR = ER · sin∠SER =
[√

2(a− 2p)− r
]
· sin(∠EOP′70 +∠OP′70E) (33)

According to symmetry, the conditions to ensure that the measurement point P6 can
be replaced by P′67 are similarly deduced.

These deductions prove that replacing the obstructed points with adjacent free points,
adding new measuring points, or combining the two methods can avoid the obstruction of
signal propagation caused by adjacent piles and pile caps. However, it must be pointed out
that Equations (21)–(33) are not applicable to every practical case because the sizes of the
pile cap and piles and the arrangement of the piles in the HRPCF may differ for different
bridges. The conditional equations for feasible replacement need to be rebuilt based on
derivations similar to that in Sections 4.3.1 and 4.3.2.

4.4. Layout of the Vertical Position of the Measuring Point

As shown in Figure 18, the distance between the IS device and pile edge is l, and the
scanning range of IS is R. Therefore, the vertical range h of the scanning range on the pile
surface can be approximated as follows:

h = 2
√

R2 − l2 = 2l tan ω (34)

where ω represents the angle between R and l.
If the total length of the pile exposed to water is L, m times the number of horizontal

measuring points is required in the vertical direction.

m = int(L/h) + 1 = int(L/(2l tan ω)) + 1 (35)

When the locations of the measurement points around each pile are determined, a new
3D Cartesian coordinate system for the total pile group can be built, and the coordinates of
each point in the initial polar coordinate system can be transformed into a 3D Cartesian
coordinate system.
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5. Onsite Test for the Proposed Arrangement of Measuring Points

The main purpose of this test was to verify the applicability of the proposed IS
measuring point arrangement for inspecting underwater HRPCFs.

5.1. Overview of the Substructure of an Onsite Bridge

The Wulong River New Bridge, as shown in Figure 19a, is a prestressed concrete
box-girder bridge used for heavy-haul transportation. The bridge span is divided into
six parts: 31, 49, 3 × 144, and 86 m, with five hollow concrete piers. The foundation of the
bridge is an HRPCF composed of a pile group (2 × 3) and a rectangular cap. The sizes
and arrangements of the piles and pile caps under each pier were uniform, as shown in
Figure 19b.
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Figure 19. Details of the substructure of the Wulong River New Bridge: (a) photo of the bridge;
(b) sizes and arrangement of the piles in the No. 2 pile cap (unit: cm).

Pile cap No. 2 and its connected piles, at an approximate distance of 80 m from the
shore, were used for this test. The underwater length of each pile was approximately
13 m. The floating island was fixed to the edge of the pile cap, and the distance between the
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outer edge of the floating island and the pile cap did not exceed 2 m. The IS and parameter
configurations used in this test were the same as those described in Section 3.3.

The two features of the sonar images obtained from the onsite experiment can be used
to test whether the proposed measuring point arrangement is applicable for underwater
HRPCF inspection.

5.2. Arrangement of the Measuring Points

Substituting r = 1.25 m and α = 28◦ into Equation (2) gave l0 = 3.92 m and n0 = 3. The
scan accuracy decreased due to insufficient measurement points. Thus, based on experience,
n was increased to six. The maximum value of l was calculated as 2 + (2 − 1.25) = 2.75 m.
Substituting l = 2.75 m into Equations (5), (6), and (10) gave β = 73.43◦, n = 6, and ϕ = 13.43◦.
Six points, P1,0–P1,5, around Pile 1, were placed as shown in Figure 17a. P1,0, P1,1, and P1,2
coincided with P′1,0, P′1,1, and P′1,2, respectively. However, because P1,3, P1,4, and P1,5 were
just under the pile cap, they had to be replaced by P′1,3 and P′1,5. The feasibility of this
replacement will be discussed in the following section. Because of the symmetry, the proof
was simplified as follows: (a) the scanning range of the IS device placed at P′1,5 covered the
scanning range of the IS device placed at P1,5, and (b) the scanning range of the IS device
placed at P′1,5 covering half the scanning range of the IS device placed at P1,4. A polar
coordinate system for Pile 1 was constructed; the center O of Pile 1 was assumed to be the
original point, and the horizontal line was considered the polar axis. Thus, the coordinates
of P1,4 and P1,5 were (4, 270◦) and (4, 330◦), respectively. The definitions of points B, M,
C, F, G, S, and R in Figure 20a are the same as those in Figures 16 and 17 (δ = 312.88◦ and
OR = 9.55 m).
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Figure 20. Measuring point placement: (a) Pile 1; (b) Pile 2.

According to Equation (17), ∠OP′1,5B is calculated as follows:

∠OP′1,5B =arccot
[
cot(θ5 − ϕ/2)− a−p

r sin(θ5−ϕ/2) cos θ5

]
= arccot

[
cot(330◦ − 13.43◦/2)− 8.5

1.25×sin(330◦−13.43◦/2)×cos 330◦

]
≈ 4.85◦

(36)

Based on Equation (19), the length of OM is shown to be as follows:

OM =
sin∠OP′1,5B

sin(∠OP′1,5B− θ5)
· a− p

cos θ5
=

sin 4.85◦

sin(4.85◦ − 330◦)
× 8.5

cos 330◦
= 1.45 m (37)

Thus, the scanning range of the sonar placed at P’1,5 could cover the scanning range of
the IS device placed at P1,5. Equation (33) is proven to be valid by the following calculation.

r = 1.25m < (OQ−OM) · sin(∠OP′1,5B−θ7) =(6.5− 1.45)× sin(4.85◦ − 330◦) = 2.89m (38)
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According to Equation (22), ∠OP′1,5F is calculated as follows:

∠OP′1,5F = arccot
[

a−p
r sin(θ5−θ4) cos θ5

− cot(θ5 − θ4)
]

= arccot
[

8.5
1.25×sin(330◦−270◦)×cos 330◦ − cot(330◦ − 270◦)

]
≈ 6.72◦

(39)

Based on Equation (19), the length of OG is calculated as follows:

OG =
(a− p) · sin∠OP′1,5F

cos θ5 · sin(∠OP′1,5F + θ5 − δ)
=

8.5× sin 6.72◦

cos 330◦ × sin(6.72◦ + 330◦ − 312.88◦)
= 2.84m (40)

Thus, the scanning range of the sonar placed at P′1,5 covered half the scanning range of
the IS device placed at P1,4. Equation (41) is proven to be valid by the following calculation.

r = 1.25m < (OR−OG) · sin(∠OP′5F + θ5 − δ)
= (9.55− 2.84)× sin(6.72◦ + 330◦ − 312.88◦) = 2.71m

(41)

Furthermore, based on the method proposed in Sections 4.2 and 4.3, the horizontal
positions of the measurement points for Pile 2 were similarly determined, as shown in
Figure 20b. Figure 21 illustrates the horizontal placement of the 30 measuring points for
Piles 1–6 in pile cap No. 2.
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Substituting L = 13 m, l = 2.75 m, and ω = 50◦ into Equation (35) gave m = 2.

5.3. Analysis of the Obtained Images

The layouts of the measuring points of Piles 1, 2, and 6 were completely symmet-
rical with Piles 3, 4, and 5. Therefore, the images of Piles 1, 2, and 6 were sufficient to
analyze whether the adjacent piles obstructed signal propagation. Figure 22 shows an
image obtained from the IS device placed at each measuring point on Piles 1, 2, and 6.
Three objects, including the pile, the steel frame around the top of the pile, and the base
plate of the pile cap, were observed in each image. The red points in each image represent
the measurement points. Figure 22(a1–a5) show the five images obtained from the IS device
placed at the measuring points P′1,0–P′1,5. Scan distance l in Figure 22(a3,a4) was longer
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than that in the other images, which was consistent with the proportion of the scan distance
corresponding to the different positions shown in Figure 21. A similar characteristic can
be observed in the sonar images in Figure 22(b1–b5,c1–c5). In addition, two features of
the sonar images obtained from the onsite experiment demonstrated the applicability of
the proposed measuring point arrangement for underwater HRPCF inspection. First, no
echo signals, except for the echo signal from the tested pile within the scanning range of
every image, were detected. Second, the echo signal from the outer surface of the tested
pile in each image was intact. These features indicate that the adjacent piles are far from
the scanning range of the sonar placed at any preset measuring point. The signal and
echo signals were unobstructed during emission and reflection. Thus, the proposed IS
measuring point placement is verified to be effective in the current case.
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6. Conclusions

This paper presents the state of the measuring point arrangement of IS for underwater
HRPCF inspection based on an assembled sonar-carried platform. The major contributions
of this study are as follows.
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1. The appropriate preset value ranges of two key parameters for the design of measuring
point placement, including the horizontal measuring distance l and the pitch angle ω,
are experimentally summarized as 1.0 m ≤ l ≤ 3.0 m and 0◦ ≤ ω ≤ 50◦.

2. The proposed assembled sonar-carried platform can provide a 13 m deep stable scan
in a strong current with a flow speed close to 2.0 m/s. This provides a feasible
alternative for solving the problem of unstable scans by AUVs in strong currents.

3. Theoretical derivations and onsite tests show that the obstruction of the sonar signal
by adjacent piles can be avoided by moving outward, adding, and replacing the
obstructed measuring points. The obtained measuring point arrangement is helpful
for the IS to scan the entire surface of each pile in the pile group without obstruction.

7. Scope for Future Research

In this study, we provide a solution for scanning underwater structures of bridges
using imaging sonar. The proposed method is still mostly performed manually, and
automation is the ultimate goal, for which additional and developed technologies are
necessary. In the image acquisition phase, we need to investigate scanning solutions for
other defects of underwater bridge components and develop automatic planning cruises
for sonar platform movement trajectories; in the image analysis phase, we are developing
automatic identification techniques for sonar images, and in the bridge repair phase, rapid
repair methods for underwater structures are being developed.

In the future, the fully automated sonar inspection of underwater bridge struc-
tures will improve the efficiency of inspection, shorten the cycle of bridge inspections,
timely detection, and timely repair, and finally achieve the goal of extending the service
life of bridges.
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