Journal of
Marine Science

and Engineering

Article

Probability Distribution Analysis of Hydrodynamic Wave
Pressure on Large-Scale Thin-Walled Structure for
Sea-Crossing Bridge

Junzhi Pan, Zilong Ti * and Hengrui You

check for
updates

Citation: Pan, J.; Ti, Z.; You, H.
Probability Distribution Analysis of
Hydrodynamic Wave Pressure on
Large-Scale Thin-Walled Structure for
Sea-Crossing Bridge. J. Mar. Sci. Eng.
2023, 11, 81. https://doi.org/10.3390/
jmse11010081

Academic Editor: Achilleas Samaras

Received: 14 November 2022
Revised: 21 December 2022
Accepted: 27 December 2022
Published: 3 January 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Bridge Engineering, Southwest Jiaotong University, Chengdu 610031, China
* Correspondence: zilongti@swijtu.edu.cn

Abstract: Evaluation of hydrodynamic wave pressure on large-scale structure is an important task in
the wave load design of thin-walled components used in sea-crossing bridge. This study focuses on
the probability distribution of hydrodynamic wave pressure on a large-scale thin-walled structure
using on-site measurement data. An in-situ observation project is conducted to collect the wave
elevation and the wave pressure on a rectangle cofferdam during a tropical cyclone event. With
the measured data, the wave conditions and the fluctuating wave pressure are extracted, and the
corresponding statistical characteristics such as the cumulative density function (CDF) are derived.
In addition, a time domain boundary element model (TDBEM) is introduced to provide the statistical
comparison. Several wave conditions derived by the statistical wave indicators during the cyclone
event are fed to the numerical model for pressure investigation. Based on the statistical indicators
and the modeling results, the comparison of wave pressure spatial distribution between TDBEM
and the on-site measurement is presented. The pressure probability distribution is presented to
further reveal the differences on the statistical characteristics. The resultant bias mainly occurs in the
low-exceeding-probability range on the up-wave side and the high-exceeding-probability range on
the down-wave side.

Keywords: bridge engineering; wave measurement; numerical prediction; statistical analysis;
comparison study

1. Introduction

Wave load is one of the major environmental loads acting on the sea-crossing
bridge [1-3], which may impact the dynamic behavior of the bridge and lead to some
problems such as obvious structural response [4-6] and fatigue [7,8]. Moreover, in the con-
struction stage, the extreme hydrodynamic pressure caused by high waves may severely
threaten the safety of the bridge and other temporary structures [9-11]. With the con-
cerns above, the wave load thus needs to be considered reasonably in both of design and
construction.

Due to the relatively large radial dimension of the substructure, such as pylon and
pier, wave diffraction may influence the wave field and result in the more complex wave
load which is hard to be determined. The most intuitive way to obtain the wave load
(usually evaluated as wave pressure) on the structure is to perform an on-site measurement
(field measurement), which directly measures the wave pressure through various sensors
or transducers. Many studies are conducted to improve the on-site measurement [12,13].
However, the pressure measurement with high labor and financial costs may be not so
friendly for utilization, while another relatively concise way is to evaluate the wave pressure
by numerical prediction.

Numerical simulation for ocean wave has been rapidly developed in recent years. The
major simulation models extensively applied include finite element method (FEM) [14],
finite volume method (FVM) [15], volume of fluid method (VOF) [16], and boundary
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element method (BEM) [17,18]. Among those modeling methods, boundary element
method (BEM) shows the advantages that simplifying the dimension of problem (e.g.,
simplifying 3D problem to 2D) and reducing the computational complexity due to the
discretization on the boundary surfaces instead of the whole fluid volume. However,
BEM is usually applied in float body such as vessels and boats, and barely applied in
bridge engineering. In this study, the time domain boundary element method (TDBEM)
is developed and introduced for modeling ocean wave and evaluating pressure for a sea-
crossing bridge. In numerical simulation for ocean wave, the representative wave method
is commonly used [19-21], which transforms the actual random incident waves into a
regular wave with certain wave conditions (wave height, period, etc.) according to the
statistical characteristics. With the representative waves, the numerical simulation can
reflect the actual wave pressure in a certain degree and provide the reference for design.

In general, due to the high cost of the on-site measurement, the measured wave data
is hard to be obtained and seldom compared with TDBEM which is also less applied on
structures, and it is meaningful to present the differences between the two methods in
spatial and statistical distributions, which is barely studied and reported. In this study,
based on a temporary cofferdam used in the construction of a sea-crossing bridge, the
comparison of the wave pressures measured and predicted by TDBEM is carried out in both
aspects of spatial distribution and statistical characteristics. Firstly, an on-site measurement
was performed to record the time history of the incident wave elevation and the wave
pressure through the wave elevation gauge and the pressure transducers, respectively. The
incident wave height and the corresponding period are extracted from the wave elevation
time history, and for the prediction by TDBEM with the representative wave method,
several wave height statistical indicators such as average wave heights of the greatest
1/k waves Hj s, including the significant height, are obtained through the cumulative
density functions (CDFs) derived by the kernel density estimation (KDE) of the measured
wave heights. Meanwhile, amplitude of the wave pressure on each transducer is also
extracted, and similar with the wave height, through the cumulative density functions
(CDFs) of the wave pressure amplitude, the statistical indicators for pressure amplitude,
i.e., the average pressure amplitudes of the greatest 1/k amplitudes P, /¢, are obtained for
comparing with the prediction. In addition, some other measured parameters which is
useful to prediction and comparison such as still water level (SWL) and the main wave
direction are also obtained by the measurement. Then, the theory of TDBEM is introduced
and the prediction configurations are determined. According to the measured wave height,
the representative wave method is applied into TDBEM to predict the wave pressure
amplitude for comparing with the measured pressure indicators in spatial distribution.
Afterwards, for further clarifying the differences between the measurement and TDBEM
prediction in statistical characteristics, the pressure amplitude CDFs of the prediction are
derived for comparing with the measurement. The differences in probability distribution
are presented and discussed, then some conclusions are summarized at the end.

2. On-Site Measurement
2.1. Case Discreption and Measurement Layout

Pingtan Strait Bridge is a 16.2 km long rail-road sea-crossing bridge in the China East
Sea, connecting Fuzhou city and Pingtan Island, as shown in Figure 1. Due to the opened
northeast offshore, the waves propagating from the northeast caused by cyclone may
threaten the bridge under construction. For analyzing the impact of the destructive waves
on construction of the bridge, a temporary cofferdam is taken for the on-site measurement,
of which cross-sections are sketched in Figure 2. The thin-walled steel cofferdam locates at
25.72° N, 119.61° E, of which dimensions are 23.0 x 14.8 x 12.3 m. Below the cofferdam,
13 reinforced concrete piles with diameter of 2.2 m are used for supporting, and all of them
are fixed on the seabed whose altitude is —10 m. The top and the bottom altitudes of the
cofferdam are +7.9 m and —4.4 m, respectively.
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Figure 1. The on-site measurement location and layout.
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Figure 2. Cross-sections of the cofferdam.

The on-site measurement includes the measurements of wave elevation and wave
pressure. The wave surface elevation was measured by a SBY 2-1 ultrasonic wave gauge
whose measuring accuracy is 0.2 m for wave height and £0.25 s for wave period. The
sampling frequency is set to 2 Hz, which is adequate for the most waves. As the measure-
ment layout shown in Figure 1, the wave gauge is fixed on a cantilever connecting to the
platform which supplies electric power for the gauge, and the 80 m distance between the
platform and the cofferdam is set to reduce the interference of construction on the incident
wave as possible. The seabed altitude of the platform is —9.3 m, approximately equal to
the cofferdam of —10 m, which can thus ignore the wave shoaling effect, and the wave
spectrums at the two locations can be considered the same.

For the hydrodynamic pressure measurement, thirteen CSW560 type pressure trans-
ducers are deployed around the cofferdam for the random wave pressures. The mea-
surement range of the transducers is 0-200 kPa and the margin of error is within 0.5%,
which is sufficient for the pressure measurement. Setup of the transducers is drawn in
Figure 3. Among those transducers, nine of them, i.e., #1#9, are deployed at altitudes of
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0 m for capturing the wave pressure around the still water level (SWL), and the rest four
transducers of #10—#13 are deployed at altitude of —4 m.

transducers : —4m

Figure 3. Setup of the transducers.

At 8:00 a.m., 29 September 2015, when the Typhoon Dujuan begun to decay, the on-site
measurement was performed, in which the maximum wind speed reached 35 m/s. After
17 min of measurement, about 100 waves were captured, and the wave surface elevation
and the pressure were recorded successfully.

With the measured wave elevation and the pressure, the analysis based on stochastic
process is prepared to be performed for the statistical characteristics. The analysis can be
divided into two parts, i.e., analysis for the measured wave elevation and the measured
wave pressure. Through the measured wave elevation, still water level (SWL), wave heights
and periods, cumulative distribution function (CDF) of wave height, and the average wave
height of the greatest 1/k waves Hj /, which is the statistical indicator for wave height
used for the prediction later, can be obtained. While the main wave direction, the amplitude
of wave pressure, CDF for pressure amplitude, and the average pressure amplitude of the
greatest 1/k amplitudes P; ,;—which is the statistical indicator for wave pressure used for
comparing with the prediction—can be derived with the measured wave pressure. Each
method for the statistical characteristics will be briefly introduced later.

2.2. Wave Height and Period

Firstly, from the wave surface elevation time history, the wave heights can be extracted
with the zero up-crossing method which is commonly used in many studies [22-24],
and the period corresponding to each wave height is recorded. Then the probability
density function (PDF) can be approximated by kernel density estimation (KDE), and the
cumulative distribution function (CDF) can be further obtained by integration of the PDF,
which indicates the probability of wave height H lower than the specified value. Similar to
the significant wave height, defining the average wave height of the greatest 1/k waves
Hj / (Harish and Baba, 1986) as the statistical indicator for the wave height, which can
be simply derived from the CDF as shown in Figure 4. A greater k usually yields the less
frequently encountered H; /, and when k = 1/3, the H; /3 denotes the significant wave
height H;. With respect to the wave period, each Hy / corresponds to the T; /; which equals
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the average period of those greatest 1/k waves. In addition, the average wave height H;,
and period T}, are also obtained.
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Figure 4. The relationship between Hj /x and the CDFE.

2.3. Still Water Level (SWL)

SWL can be measured by the ultrasonic wave gauge and was found to be +2.37 m
during the measurement. The altitudes of the pressure transducers hence need to be altered,
i.e., the altitudes of the transducers at the original 0 m and —4 m are shifted to —2.37 m
and —6.37 m, respectively. In addition, the seabed altitude is also altered to —12.37 m from
the original —10 m.

2.4. Wave Pressure and Direction

Similar to the wave height, the amplitude of wave pressure is extracted from the
measured data, and the CDF of amplitude is obtained then. The maximum pressure Ppax
and the P, /, i.e., average pressure amplitude of the greatest 1/k amplitudes, are defined
as the statistical indicators for the wave pressure, which is derived from the measured
pressure and the CDF, respectively. Note that the analysis and comparison between the
measurement and the prediction by TDBEM require the hydrodynamic wave pressure,
thus the original measured wave pressure containing the hydrostatical component needs to
be subtracted by the still water pressure according to the measured sinking depth of each
transducer. In addition to the pressure, the wave direction also plays a dominant role in the
prediction and comparison, which was measured by the time sequence that the transducers
reach the peak pressure and it was found to be about 47° of the east—northeast.

3. Boundary Element Modeling in Time Domain
3.1. Fundamentals

When the lateral size of structure is closed to the incident wavelength, the scattered
waves induced by diffraction are non-negligible and considerable, which will be superposed
to the incident waves and eventually yield a new stable wave field. The fundamental
problem of diffraction is shown in Figure 5, in which the fluid domain () with the water
depth d is incompressible and inviscid. With the free surface Sy at the top, flat seabed S; at
the bottom, and the lateral control surface S, the fluid domain () can be considered as a
closed control volume. A rigid structure with an arbitrary cross-section (e.g., the cofferdam
introduced above) is mounted on the seabed, of which body surface is denoted as S;,.
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Figure 5. Foundamental problem of wave diffraction.

For the incompressible and inviscid fluid, flow potential theory is applied to expe-
diently solve the problem. The time-variant velocity potential of wave ®(x, t) meets the
Laplace equation:

V20 (x,t) =0 1)

in which x is the location vector in right-hand Cartesian coordinate system, x = (x,y, z).
Since the wave field can be considered as a superposition of the incident and the scattered
component, the potential and the water surface can be divided as

P =0, + D, ()

n="ni+1s ©)

in which the subscript i refers to the incident components, i.e., ®; and 7;, which can
be explicitly solved by Airy wave theory, while the subscript s denotes the scattered
components, i.e., ®; and 75, which is the problem to be solved.

Before solving the scattered potential and the water surface function, the boundary
conditions need to be defined clearly. The boundary conditions for the seabed, the free
water surface, and the body surface can be listed as

a;: =0 onSy (4)
ais—%zo on S¢ (5)
%4—@75 =0 on Sy (6)
% = —% on S )

where 1 denotes the normal vector on the body surface. For the lateral control surface
S¢, an approach developed by Bai [25] is applied, which simulates the boundary of S; by
constructing a physics-based beach zone:

2
r—r, _

v(r):{ wwo(2)" ro<r < =ro+pl (8)
0 r<rp

where v is the damping coefficient; r denotes the distance to the origin; r( is the starting
point of the damping zone; w and I are wave frequency and wavelength, respectively;



J. Mar. Sci. Eng. 2023, 11, 81

7 of 17

« and f are the custom parameters defined by user, which is able to alter the damping
behavior and is usually defined as 1 [25]. With such an approach, a damping zone whose
performance acts like a sort of beach is constructed to hinder the wave motion and eliminate
the reflection from the lateral control surface, and thus the lateral control surface can be
excluded from the boundary surfaces to simplify the computation. With inserting the
damping coefficient Equation (8) into Equations (5) and (6), the free surface boundary
conditions in the damping zone can be expressed as

ons 0P

FT —(r)ns 9
9D
;I; = —gns — ¥(r)Ds (10)

With the Laplace governing equation and the boundary conditions above, the fun-
damental problem is fully illustrated. Before discretizing and solving the problem, a
simplification can be performed by introducing the second Green’s theorem which can
transform the three-dimensional volume integral to the two-dimensional surface integral
on the boundary surfaces. With the second Green'’s theorem, the computation can be
further reduced, and the time domain integration formulation of the fundamental problem
is obtained:

2n®g (v, t) // |:CI>5 aG X/ ) — G(X’U)W ds (11)

In which x(x, y,z) and v(v, v, {) are the field and the source point, respectively; G(x, v) is
the Green function indicating the propagation property of velocity potential; the integral
domain s includes the body surface S, free water surface S Iz and the seabed surface S.
Due to the flat and impermeable seabed, it can be excluded from the integral domain by
appropriately selecting the simple Green function considering the symmetry about the
seabed [17].

After the simplifications above, the body surface S, and the free water surface S¢ can
be discretized to finite quadrilateral panels. According to some existing studies [17,26], the
discretization of Equation (11) can be expressed as below when the source point is located
on the body surface:

(U

27Ps(v;) Z Jas; Ps(x 'x] ds + Z Jas; G(vi,x J)BCDS( s =

g ( oD; (x;) (12)
Ul,X s (X .

'ElfASj CDS(X]) ds — E fAS UI,X]‘) an] ds i=1to Ny

]:

while the source point is located on the free water surface, the discretization can be
rewritten as

Nb Ul,X s (X
- g fASj ¢S(x]~) ( Fds + Z fAs Uz,Xj)aq)(—;,S ) ds =
Ny X ot o (13)
Py fASj CIDS(x]) s — Z fAs (v, ]) gn/ ds — 21t ®Ps(v;) i=1to Ny

in which N, and Ny are the numbers of the body surface and the free water surface
respectively. In the equations above, the known terms are put on the right side, and the
unknown terms which is to be solved are arranged on the left side.

The discretized equations above have clarified the potential solution at one single
time step. With certain numerical integration method such as Gaussian integration, the
unknown potentials on the body surface and the normal derivatives on the free surface
can be obtained. Afterwards, the time-stepping procedure can be launched with certain
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47°8 =S

=5 body surface
damping zone
1 free water surface

numerical method such as the Adams-Bashforth method [27] or the Newmark method [28]
to obtain the free surface elevation and the potential at the next time step. With the solved
potential then, the hydrodynamic pressure on the structure can be derived by the first order

Bernoulli equation:

p= —p% (14)

in which p denotes the fluid density.

3.2. Mesh and Prediction Configurations

With the approach introduced above, the example cofferdam can be properly meshed
for the numerical prediction. Note that, for the mesh quality of structures with various
cross-sections, meshing under the polar coordinate system is benefit and reasonable, which
can efficiently reduce the sharp corners in the mesh. Under the polar system, the mesh is
performed along the three dimensions, i.e., the tangential dimension, the radial dimension,
and the vertical dimension. According to the on-site measurement, the water depth is set to
10 m. Due to the relatively complex geometry of the cofferdam, the tangential dimensions
of the free surface and the body surface are both divided into 72 partitions to ensure
the sufficient accuracy. The radial and the vertical dimensions are divided into 25 and
10 partitions respectively. Due to the non-circular geometry, the mesh in the tangential
dimension gradually transitions from the pattern of the cofferdam cross-section to a circle,
along the radial direction. Lengths of the free water surface L, and the damping zone L,
along the major axis of the cofferdam are both set to the incident wavelength [ to ensure
the sufficient wave diffraction. Mesh of the cofferdam is shown in Figure 6.

y 1 body surface - -
X damping zone
£ free water surface x
(a) (b)

Figure 6. Mesh of the cofferdam. (a) Stereoscopic view; (b) Vertical view.

With the cofferdam mesh, representative wave method is utilized for prediction,
i.e., the actual random wave is represented by a regular wave with certain height and
period determined by the statistical indicators for the measured wave height. According
to the measurement, the wave direction is set to 47° of the east-northeast. With properly
selecting the measured wave height statistical indicators Hy /x and the period T/ as the
representative wave height and period, the TDBEM can hence predict the hydrodynamic
wave pressure for comparing with the measurement.

4. Probability Analysis and Comparison

For comparing the wave pressures of TDBEM with the on-site measurement, according
to some existed studies [29-31], the prediction conditions consisting of the measured wave
height indicator Hj /¢ and the corresponding period T /i are specified as Hy /199 and Ty /100,
Hj /100 and Ty, Hy /19 and Tj /19, Hy /3 and T7 /3. The wave height Hy /; and corresponding
period Tj /i has been introduced in Section 2.2. Among those Hy /i, Hi /190 is to evaluate
the wave pressure caused by the greatest part of waves. Hj 3, i.e., the significant wave
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height, is selected to evaluate the significant pressure like the common analysis. For more
comparison data to discuss the differences between the prediction and the measurement,
the wave height Hj /g between Hy /199 and H; /3 is also selected for supplementing the
prediction.

With the selected H; /¢ and corresponding periods, wave pressure amplitudes at the
transducers’ locations can be predicted by TDBEM. Then, with the known wave pressure
statistical indicators P; /¢, the comparison of wave pressure spatial distribution around
the cofferdam can be carried out to present the differences between the measurement
and the TDBEM prediction. In addition to the pressure spatial distribution, cumulative
distribution functions (CDFs) of the predicted pressure amplitudes can be derived through
the wave height CDF, i.e., each wave height input into TDBEM yields the corresponding
wave pressure amplitudes around the cofferdam, and with a simple variable substitution,
the CDF of wave height (wave height against probability) can be transformed into the
CDFs of pressure amplitude (amplitude against probability). With the pressure amplitude
CDFs predicted and measured, through the comparison of probability distributions, the
hydrodynamic wave pressure differences of the two methods in statistical characteristics
will be further discussed.

5. Results and Discussions
5.1. Measurement Results

As introduced in Section 2, the wave surface elevation was measured by the wave
gauge, of which result is shown in Figure 7. According to the result, about 17 min of wave
elevation was recorded, and for sake of conciseness, the mean elevation is zeroized. The
crests and troughs are marked with red circles, of which standard deviations (Std.) are
given by the dash lines.

|—W'avc elevation o Crests and troughs ——Mean water level — - -Std. of troughs - - —Std of (‘reqtql
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—— 5
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%:—_-\e
?:“I
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| | o]
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13 14 15 16 17
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Figure 7. Time history of the measured wave height.
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From the measured wave elevation, the wave height is extracted, and the probabil-
ity distribution (CDF) can be obtained then. The CDF derived by KDE and fitted with
Rayleigh'’s distribution is shown in Figure 8. According to the CDEF, it is found that the
wave height range of 1.5-4 m corresponds to the relatively wider probability range, which
indicates that the majority of wave heights distribute in the 1.5-4 m range. With the CDF
and the representative wave method, the prediction conditions are obtained and listed in
Table 1, which provides the input wave heights and periods for the TDBEM prediction.

1 r v - r r
Measured

- = = Fitted

=
oo

0.6

0.4

0.2

Cumulative probability

ﬂ L L L L L M
0 1 2 3 4 5} §]
Wave height (m)

Figure 8. CDF of the measured wave height.

Table 1. Prediction conditions derived from the measured waves.

Prediction Condition Wave Height (m) Period (s)
Hi /100, T1 /100 6.06 10.25
Hi /100, T 6.06 7 44
Hy /10, Th 10 5.04 9.76
His, Th s 404 9.41
Hy, T 2.62 7.44

For presenting the wave pressure measurement results concisely, instead of the large
amount of the original measured data, the CDFs for wave pressure amplitudes of the
transducers are shown and fitted with Rayleigh’s distribution in Figures 9 and 10. Among
the CDFs, #1-9 are the results for the transducers located at the altitude of —2.37 m and
#11-13 show the results for the altitude of —6.37 m.
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Figure 9. CDFs of the measured wave pressure amplitude at —2.37 m.
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Figure 10. CDFs of the measured wave pressure amplitude at —6.37 m.

5.2. Wave Pressure Distribution Comparison Using Representative Waves

With the representative wave method introduced in 3.2 and the prediction conditions,
the wave pressure amplitudes predicted by TDBEM are obtained for comparing with the
pressure indicators from the measurement. The wave pressure statistical indicators of each
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transducer and the corresponding prediction results are detailly listed in Tables 2—4, and
the comparison is shown in Figures 11 and 12, which presents the pressure amplitude
spatial distributions at the altitudes of —2.37 m and —6.37 m, respectively. For the better
visualization of the spatial distributions, the figures are drawn as a contour-like plot with
several isopleths of pressure. Figure 11a,b and Figure 12a,b indicate that the prediction
conditions of Hy /199, T1 /100 and Hy /109, T derive the almost same pressure amplitude
results, which means that the both wave periods can reflect the pressure induced by the
greatest part of the wave heights. At the altitude of —2.37 m, the favorable agreements are
shown in each subplot, particularly for the pressure amplitude predicted by Hy,3 and the
measured Pj /3. The bias mainly occurs near the down-wave side, while the gap between
the prediction and the measurement is negligible and can hence be ignored. At the altitude
of —6.37 m, good agreements are shown except the result of #10 that the prediction is
greater than the measurement. In Figure 12, the largest bias at #10 reaches about 50% of the
predicted pressure, while the gap is gradually narrowed with decreasing of the input wave
height H, /. For example, in Figure 12d, with the significant wave height H; /3 input, the
predicted pressure amplitude of #10 is close to the measured. From the overall view, the
pressure amplitude distributions predicted by TDBEM indicate an acceptable agreement
with the on-site measurement, and the error mainly exists at the certain location of #10
which has a relatively large water depth.

Table 2. Measurements (Pmax and P; /19 ) and predictions (Hy /199, T1 /100 and Hy /100, Tim )-

T d Measurement (kPa) Prediction (kPa)
ransducer Pmax P1/100 Hy1100- T1/100 Hip100, Tin
#1 36.24 34.06 31.64 33.07
#2 36.89 35.74 35.18 37.19
#3 33.63 33.72 33.46 37.97
#4 2291 22.07 26.90 27.62
#5 18.07 18.59 24.05 19.65
#6 20.93 20.21 23.95 19.23
#7 15.95 15.70 23.85 19.16
#8 30.60 30.24 24.38 20.59
#9 26.39 25.08 26.39 24.96
#10 14.04 13.82 26.83 24 .38
#11 21.46 20.87 26.36 25.23
#12 14.60 16.95 20.06 14.01
#13 17.76 17.84 19.66 13.01

Table 3. Measurement (P; /1 ) and prediction (Hj /19, T1 /10 )-

Transducer Measurement (kPa) Prediction (kPa)
#1 27.60 26.48
#2 28.97 29.57
#3 28.24 28.22
#4 19.77 22.36
#5 15.45 19.63
#6 16.49 19.53
#7 13.41 19.45
#8 24.35 19.95
#9 21.37 21.80

#10 12.17 22.17
#11 16.60 21.85
#12 13.50 16.14

#13 15.40 15.77
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Table 4. Measurement (P; /3 ) and prediction (Hy /3, Ty /3 ).

Transducer Measurement (kPa) Prediction (kPa)
#1 22.26 21.37
#2 23.15 23.96
#3 23.24 22.98
#4 16.50 17.93
#5 12.95 15.41
#6 13.42 15.32
#7 11.15 15.25
#8 20.05 15.70
#9 18.42 17.36

#10 10.00 17.64
#11 13.20 17.45
#12 11.03 12.46
#13 12.76 12.13

-e- Prediction

—— Measured P,

max
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Figure 11. Pressure spatial distributions at —2.37 m. (a) Hl/lOOl Tl/lOO (b) Hl/lOO/ Tm (C) Hl/lO/ Tl/lO

(d) Hy/3, Thy3.
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5.3. Wave Pressure Comparison Using Probability Distribution

The wave pressure spatial distribution comparison using the representative wave
method and the statistical indicators exactly shows the differences between the TDBEM
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prediction and the on-site measurement. Still, the comparison in probability distribution is
necessary for presenting the differences in greater detail, which is able to show the difference
in pressure amplitudes at each probability level. With the CDF of the measured wave height,
the CDFs of the predicted pressure amplitude can be derived, and the comparison between
the measured and the predicted CDFs can be carried out, as shown in Figures 13 and 14.

[ o Prediction of TDBEM o Measurement —Fitting of simulation]|

#3

40 40

30 30

20 20

10 10

40

30

20

10

Pressure amplitude (kPa)

o

0 Loas
0 0.2 0.4 0.6 0.8 1

Exceeding probability

Figure 13. Probability distributions of the pressure amplitude at —2.37 m.

| o Prediction of TDBEM < Measurement —Fitting of simulationl

#10 #11
30 ) 30

30 30

Pressure amplitude (kPa)

20 20

( Leg
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

Exceeding probability

Figure 14. Probability distributions of the pressure amplitude at —6.37 m.
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For the discussion, the horizontal axis is assigned to the exceeding probability and
the vertical is the pressure amplitude. Each subplot illustrates the comparison at each
transducer location. The green scatter plot shows the probability distribution of the mea-
sured wave pressure amplitude, while the blue shows the predicted probability distribution
which is fitted by the red line. In the comparison at the altitude of —2.37 m, as shown in
Figure 13, the error mainly occurs in the low-exceeding-probability range of the transducers
located in the up-wave side, i.e., the results of #2—#4 whose predictions are greater than
the measurements. While in the down-wave side, the error mainly occurs in the high-
exceeding-probability range, such as #7 and #8, among which the prediction of #7 is greater
than the measurement while it is contrary for #8. At the altitude of —6.37 m, the predictions
in the up-wave side are greater than the measurements as shown in results of #10 and #11,
while the predictions in the down-wave side are relatively lower than the measurements
over the low-exceeding-probability range, as shown in results of #11 and #12. In addition,
with increasing the water sinking depth, the margin of error in the comparison is increased,
particularly for the up-wave side, which accounts for the large bias occurred in the previous
comparison of pressure spatial distribution.

6. Conclusions

This article aims to present the hydrodynamic wave pressure comparison between
the on-site measurement and the numerical prediction modeled by time domain boundary
element method (TDBEM). Based on the temporary cofferdam used in the construction of
Pingtan Strait Bridge, the on-site measurement is introduced and was performed during
the Typhoon Dujuan in 2015. The wave height and period, still water level (SWL), and the
wave pressure and direction were successfully recorded during the 17 min of measurement.
Several statistical indicators such as the average wave height of the greatest 1/k waves Hj
and the average wave pressure amplitude of the greatest 1/k pressure amplitudes P, /i are
derived from the measured data for the prediction and the comparison. Afterwards, the
statistical wave conditions are fed to the pressure prediction using a TDBEM model. The
time-stepping integration is employed to drive the prediction using the first and fourth
order Adams-Bashforth equations, through which the time-variant potential can be hence
solved. With the measured and predicted pressure results, the comparisons of the pressure
spatial distribution and the probability distribution are analyzed and discussed, from which
several major conclusions are summarized as follows:

(1) In the spatial distribution of the wave pressure amplitude, a favorable agreement is
shown at the altitude of —2.37 m, of which the prediction is slightly greater than the
measurement on the down-wave side. While at the altitude of —6.37 m, the water
depth obviously impacts the results and leads to a relatively large bias at the location
of the #10 transducer. However, with decreasing the representative wave height, the
gap between the prediction and the measurement is gradually narrowed.

(2) Inthe probability distribution of the wave pressure amplitude, the pressure amplitude
against exceeding probability at each transducer is presented. At the altitude of
—2.37 m, decent agreements are shown in most of the results. The error mainly
occurs in the low-exceeding-probability range in the up-wave side and the high-
exceeding-probability range in the down-wave side. With increasing the water depth,
at the altitude of —6.37 m, the margin of error is greater than the —2.37 m and
compared with the down-wave side, the biases are more significant in the up-wave
side, which accounts for the relatively large bias which occurred in the pressure spatial
distribution.

Since the major scope of this study is to present a comparison of statistical characteris-
tics, in the future, more comprehensive research should be carried out to further discuss
the hydrodynamic wave pressure differences between TDBEM and the measurement, par-
ticularly for the relatively large bias on the up-wave side at a larger water depth. Another
limitation should be noted that the second-order nonlinear wave effect is absent in the
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presented study to reduce the complexity of the problem and is worth investigating in
the future.
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