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ABSTRACT

Local scour induced by strong currents has become one of the major challenges for sea-crossing bridges built for the convenience of transpor-
tation across bays. To mitigate the local scour of the sea-crossing bridge foundation, this study optimized the design and geometry of the
upper part of the skirted caisson and proposed a new type of foundation called the skirted caisson with two tandem piers (SCTTP).
Systematic experimental and numerical investigations into the influence of the design parameters of SCTTPs on scour protection were con-
ducted, and the temporal development and mechanism of local scour in SCTTPs were investigated. The following conclusions can be drawn:
(1) although the scour of the SCTTP is slightly greater than that of the skirted caisson, the scour terrain of the SCTTP is more stable; (2) the
scour of the SCTTP with circular piers is small, and the flat surfaces of semicircular-ended and square piers can intensify the scour; (3) the
scour at the front and back of the SCTTP gradually becomes independent of the distance between the two piers, causing the total scour of
the SCTTP to increase; and (4) as the width of the tie beam decreases, the scour of the SCTTP with the groove becomes more significant than
that of the SCTTP with no groove, but the groove depth has little effect on the maximum scour depth of the SCTTP with the groove. These
findings provide insight into the design optimization of SCTTPs from scour.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0235791

I. INTRODUCTION

To fulfill the growth of the economic development of coastal
landscapes, many sea-crossing bridges have been built for the conve-
nience of transportation across bays,' straits, and waterways, such as

consider scour mitigation in the structural design of foundations for
sea-crossing bridges.

Over the past decades, a large number of scholars have researched
scour countermeasures to resist and reduce local scour on foundations,

91:¥€:€0 9202 Asenuer 60

Hangzhou Bay Bridge,” Hong Kong-Zhuhai-Macao Bridge, and
Donghai Bridge.” According to the reports of Li et al.” and Liu et al.,”
the maximum current velocity at the 300-year return period is
530m/s for the site of Hangzhou Bay Bridge and 3.47m/s at
Xihoumen Rail-cum-Road Bridge, which is even larger than the design
flow velocity of bridges in the Yangtze River.” The local scour induced
by strong currents has become one of the major challenges for sea-
crossing bridges in strait waterways.” For example, the maximum
scour depth of the Donghai Bridge has increased by 8.7 m after five
years of operation and has already approached the warning scour line
for structural safety.” Therefore, it is important to comprehensively

mainly consisting of passive and active countermeasures. Ripraps are
the most popular passive countermeasures due to their low cost and
accessible collection.” The particle size of the riprap'”'" and the posi-
tion arrangement'” around the foundation affect the optimum effect
of scour resistance, which comes into play in failure mechanism
research.'” In addition to riprap, gabion,"* sludge solidification,"” geo-
textile,'® and so on have been investigated experimentally and numeri-
cally by scholars. However, these other passive countermeasures are
less commonly used in practical engineering. In addition, various
active countermeasures have been studied experimentally and numeri-

. . - 17,18 19,20
cally to reduce the scour depth, such as sacrificial piles, collars,
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submerged vanes,””” and bed sills.”*** These active countermeasures
decrease the scour depth by altering and reducing the incoming flow
intensity. However, active countermeasures are also less commonly
used in practical engineering. The reason is that the scour counter-
measures mentioned above are adjuncts to foundation structures. The
life of scour countermeasures is much shorter than that of foundation
structures and requires long-term maintenance, which requires signifi-
cantly more labor and money.

Integrating protection and structure is more convenient for con-
struction and maintenance compared with the scour countermeasures
of the adjuncts. Qin et al.”” proposed a skirted caisson (formed by
shrinking the upper volume of the uniform caisson). Compared with
the uniform caisson, the skirted caisson has a lighter self-weight.
Moreover, skirts can reduce the scour depth of skirted caissons. Both
self-weight and local scour reduction can reduce the embedment depth
of the caisson bottom, reducing construction costs. Wei et al”® investi-
gated the effect of the design parameters of skirted caissons on local
scour experimentally and numerically and revealed the scour develop-
ment law and mechanism of skirted caissons under different design
parameters. Xu et al.”’ studied the influence of skirt elevation on local
scour experimentally and found that when the embedment depth of
the skirt is equal to 0.6 and 0.81 times the water depth, the maximum
scour depth is reduced by 18.8% and 19.9%, respectively. Hu™ pro-
vided the following design scheme for a skirted caisson: the skirt width
is 9-10 m, the skirt elevation is -0.6 times the water depth, and the
height of the hook above the skirt is 0.15 times the water depth, which
can yield a small scour depth. In short, skirted caissons have great
advantages in scour protection.

However, with the construction of wide sea-crossing bridges,”
the aspect ratio of the foundation gradually increases, which causes the
negative effects of the upper part of the skirted caisson to increase in
terms of hydrodynamic performance and esthetics. Therefore, this
study optimized the design and geometry of the upper part of the
skirted caisson, and a new type of foundation called the “SCTTP” was
proposed, which is formed by replacing the upper round-ended pier
with two tandem small piers, as shown in Fig. 1. The SCTTP further
reduces the self-weight of the skirted caisson, which can further reduce
the consumption of building materials and the embedment depth of
the caisson. In addition, the volume of the pier is significantly reduced
compared with that of the upper skirted caisson. Therefore, piers can
be prefabricated in factories and installed integrally on the scene. The
construction efficiency will be significantly improved, and the

Change the form
of the upper part

FIG. 1. Proposal of the SCTTP.
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construction time will be greatly reduced, which is essential for the
construction of coastal bridges.

Nevertheless, investigations of local scours on SCTTPs have not
yet been performed, and previous studies have focused on the local
scours of the components of SCTTPs, such as single piers, two tandem
piers, and uniform caissons. For the single pier, Sharp and McAlpin™’
experimentally investigated the effect of pier nose extensions on the
local scour of a nontypical pier and reported that pier nose extensions
produced a local scour reduction of 53% compared with piers without
extensions. Li et al.”* conducted scour protection experiments around
monopile using the microbial induced carbonate precipitation and
reported that the maximum scour depth was reduced by 84% after
2-times treatments. Li et al.”” numerically studied the influence of a
spoiler structure for scour protection and reported that the novel
spoiler structure shows promising results for local erosion protection.
Guan et al.” investigated three machine learning algorithms for pre-
dicting the local scour depth around pile foundations and conducted a
sensitivity analysis of the variables and reported that the SVM model
has higher accuracy and that the ratio of velocities is the most effective
parameter. Wang et al.”* studied the effect of scour remediation by
solidified soil on the lateral response of monopiles and provided
insights into the mechanisms of how solidified soil affects the lateral
bearing capacity of monopiles under different conditions. Barrie
et al.” investigated the mechanism of local scour around pile under
sloping bed conditions and reported that the scour depth increased sig-
nificantly in sloped scenarios and that negative slopes intensified the
scour process due to higher hydrodynamic forces. For the tandem
piers, Wang et al.” experimentally investigated the effect of pier spac-
ing on the local scour of upstream and downstream piers and reported
that the local scour depth of the downstream pier gradually increases
with increasing pier spacing due to the weakened sheltering effect of
the upstream pier. Yu et al.”” numerically studied the local scour of
tandem piers and proposed a shielding coefficient for calculating the
scour depth. Qi et al”® numerically explored the effects of the span
and the collar on the characteristics of the local scouring behavior
around two tandem piers and proposed an optimization scheme to
achieve an economic protective effect by reducing the collar size of the
downstream pier. For caissons, Zhao et al.”” investigated the effect of
incident directions of the flow on the local scour under a smaller ratio
of the caisson height to width and reported that the horseshoe vortex
plays a far lesser role than the velocity amplification at the corners of
the caisson. Xiang et al.*’ studied the local scour induced by unidirec-
tional and tidal currents around caissons with different cross sections
and reported that the effect of current type can significantly influence
the size and location of the maximum scour depth around circular and
square caissons.

Although the local scour of the components of SCTTP has been
extensively studied, the overall structure of SCTTP has not been inves-
tigated. The additional design parameters are generated when the
skirted caisson is transformed into the SCTTP, and the effects of these
SCTTP parameters on local scour are still unclear. Therefore, in this
paper, systematic experimental and numerical investigations of the
design parameters of SCTTP for scour protection were carried out.
First, scour experiments of nine SCTTP models were conducted, and
the scour depths around the models and scour terrain photographs at
the moment of 24-h scour were obtained. Additionally, the scour ter-
rain was reconstructed using oblique photogrammetry technology.
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Second, numerical simulations under the test terrain were carried out,
and the flow field of the nine SCTTPs was obtained. Third, the scour
depth and scour terrain from tests and the streamlines, vortexes, and
shear from numerical simulations were discussed. The law and mecha-
nism of local scour of SCTTPs with different design parameters were
revealed. Finally, the major conclusions of this work are discussed, and
future research prospects are proposed.

Il. EXPERIMENTAL SETUP

A series of experiments were carried out in the current flume
with a length of 20 m, width of 1 m, and height of 0.7 m, as illustrated
in Fig. 2. There is a 4m long, 1 m wide, and 0.5m deep sand pool in
the middle of the flume for the local scour tests. There are three sliding
racks above the sand pool to fix the acoustic Doppler velocimeter
(ADV), the test model, and the other devices. The height of the lifter
on the middle sliding rack can be adjusted. The water flows from the
left inlet to the right outlet. The pump draws water from the impound-
ing reservoir to control the inlet flow rate, and the baffle height con-
trols the outlet flow rate to obtain the desired water depth and flow
velocity through the above adjustment methods. The grille screens can
reduce the turbulent kinetic energy of the inlet flow to ensure flow sta-
bility in the test section.

A. Models and testing devices

A sketch of the SCTTP is shown in Fig. 3. The primary design
parameters of the SCTTP include the cross-sectional shape of the pier,
the distance between two piers [, the width of the tie beam b, the skirt
width w, the skirt elevation & (the distance between the skirt top sur-
face and the riverbed surface. In this paper, the skirted elevation is
equal to 0, which indicates that the skirt top surface is located just at
the riverbed surface; the skirt elevation is not marked in Fig. 3), and
the skirt form. Notably, this paper mainly studies the first three param-
eters, as the parameters w, h, and skirt form have been investigated in
the authors’ previous work.” I refers to the distance between the

Sliding rack
and lifter

?ﬂ AN Grille
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Diameter of

Cross-section pierd
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Diameterof
skirt D

N\
" Skirt width

FIG. 3. Sketch and design parameters of the SCTTP model.

centers of the piers. b is the distance between the two sides of the tie
beam boundary. When b is less than D, the shape of the skirt changes
from a round-ended shape to a dumbbell shape.

In this study, nine models were built to investigate the local scour
performance of SCTTPs, including seven SCTTPs, one uniform caisson
(a column-type structure with a uniform cross section), and one skirted
caisson (a caisson with a small upper round-ended section depending
on the bridge pylon’s arrangement and the superstructure’s force trans-
fer). This paper assumes that the above requirements can be met when
the length and width of the pier are set to d (d =4 cm). In addition, the
other parameters of the SCTTP are normalized to d for convenience
and universality. In this paper, the diameter of the skirt D is equal to
2 d, the skirt width w is equal to 0.5 d, and the skirt elevation £ is set to
0. For the uniform caisson, the cross section is a round-ended shape,
similar to the section of the SCTTP skirt, the length of the uniform
caisson is equal to 4.5d, and the width is equal to 2 d. For the skirted
caisson, the upper and lower cross sections are round-ended shapes,

FIG. 2. Details of the experimental flume.
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TABLE I. Design parameters of the models.

pubs.aip.org/aip/pof

Model w h The cross-sectional shape of the pier I b D Form

#1 e e e 2.5d 2d 2d Uniform caisson
#2 0.5d 0 Round-end e 2d 2d Skirted caisson
#3 0.5d 0 Circular 2.5d 2d 2d Round-ended skirt
#4 0.5d 0 Semicircular-ended 2.5d 2d 2d Round-ended skirt
#5 0.5d 0 Square 2.5d 2d 2d Round-ended skirt
#6 0.5d 0 Circular 1.5d 2d 2d Round-ended skirt
#7 0.5d 0 Circular 35d 2d 2d Round-ended skirt
#8 0.5d 0 Circular 2.5d 1.5d 2d Dumbbell skirt
#9 0.5d 0 Circular 2.5d d 2d Dumbbell skirt

and the skirt width is 0.5 d. The investigated parameters of the SCTTPs
include three foundation forms (uniform caisson, skirted caisson, and
SCTTP), three pier cross-sectional shapes (circular, semicircular-
ended, and square), three pier distances (1.5d, 2.5d, and 3.5d), and
three tie beam widths (2d, 1.5 d, and d). The detailed parameters of the
models are listed in Table I. Additionally, the blockage ratio of the
model’s maximum width to the flume width is smaller than the critical
blockage ratio of 1/9 when the inflow direction is equal to 0° 1 which
can reduce the influence of the flume boundary on the flow field
around the models.

The test models of the bridge foundation were made of acrylic
materials. The thickness of the acrylic shell was 0.5 cm. Vertical rulers
were installed around the models’ monitoring points to observe the
scour depth during the tests. The number of vertical rulers varied with
the test models. Eight vertical rulers were installed on the pier, twelve
on the round-ended skirt and the upper part of the skirted caisson and
uniform caisson, and sixteen on the dumbbell skirt, as shown in Fig. 4.

An underwater camera was used during the tests to record the
scour depth at the monitoring points, as shown in Fig. 5. It is well
known that scour develops rapidly in the initial stage, after which the
rate of scour development gradually decreases. The following measure-
ment method was adopted to accurately determine the local scour
depth during the scour development process. During the first hour of
the test, local scour depth measurements were taken every 15 min; dur-
ing the second hour, measurements were taken every 30 min; during
the third and fourth hours, measurements were taken every 60 min;
and after the fourth hour, measurements were taken every 120 min.

The flow velocity was measured by an ADV, as shown in Fig. 6.
Before the scour tests, the ADV acquired the velocity profile at the
installation location of the model. The distribution of the measuring
points along the direction of the water depth is dense near the riverbed
and sparse near the water surface for a more accurate velocity profile.
Additionally, the measurement frequency is 100 Hz, and the measure-
ment time of each measuring point is 3 min. The flow velocity at the
measurement point is taken as the average flow velocity within 3 min.

After the tests, the scour terrain data were collected by oblique
photogrammetry technology, which is an urban spatial information
collection and stereo mapping method.”*** Oblique photogrammetry
technology includes three basic procedures,” *° the basic principles of
which can be described as follows:

FIG. 5. Local scour depth measurement device and process: (a) underwater cam-
era and (b) local scour depth measurement at the monitoring points.

7 7 6 7
8 6 8 8e—e—96
2 4 2 20—e—o/4
3 3 4 3
(@) (b) (© FIG. 4. Distribution of monitoring points
Flow 11 10 9 15 11 for different parts of the test models: (a)
|:l\> 12 8 16 4131 10 circular pier, (b) semicircular-ended pier,
(c) square pier, (d) round-ended skirt/uni-
1 7 1 9 form caisson, and (€) dumbbell skirt.
2 6 2 456 8
3 4 5 3 7
(d) (e)
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FIG. 6. Flow velocity measurement via ADV.

Step 1: Acquire topographic photographs. The photographs can
be obtained through fixed cameras or cameras carried by drones. The
photographs should cover a full 360-degree view of the angle, as shown
in Fig. 7(a), and the image overlap of two adjacent photographs cannot
be less than 60%.

Step 2: Joint adjustment of images. The control points in each
image, as shown in Fig. 7(b), are set, the 3D space network is calculated
and adjusted using the aerial triangulation method, and the coordinate
information of a large number of image points from different photo-
graphs is obtained.

Step 3: Calculate the point cloud network. The point clouds of all
the images are calculated and connected to form a network, and finally,
the 3D point cloud coordinate model of the terrain is obtained, as
shown in Fig. 7(c).

Steps 2 and 3 can be processed by importing the photographs
into the three-dimensional (3D) reconstruction software
ContextCapture to construct the 3D numerical terrain model."”
Compared with the traditional ruler measuring method, oblique pho-
togrammetry technology is much faster and includes a larger terrain
range. The measurement accuracy can be evaluated by comparing the
feature point coordinates or feature dimensions of the target object

O
- <
» SCTTP / Camera
v 1 Y
Scour terrainw A4
v .
g g 9

SCTTP
(a)

e
K 'J',— b]
) v"\

/ Control points

ARTICLE pubs.aip.org/aip/pof

and the model."* " Figure 8 compares the scour terrain of the test
model with that of the reconstructed model. Compared with that of
the traditional ruler measurement method, the reconstructed maxi-
mum scour depth error is less than 7% for all the cases, which indicates
that oblique photogrammetry technology is acceptable and efficient for
scour terrain measurement.

B. Sediment and flow conditions

The measured density of the quartz sand used in this study was
2690 kg/m?, which has a uniform grading curve with a median grain
size, dsg, of 0.3062 mm and a geometric standard deviation, g, of 1.31
(calculated from +/ds4/d)6), as shown in Fig. 9.

The water depth is constrained by two indicators: the ratio of the
model width to the water depth and the flume width to the water
depth. The ratio of the model width to the water depth should be less
than 0.7° to avoid interactions between the horseshoe vortex and the
backwater. The ratio of the flume width to the water depth should be
larger than 57 to reduce the effect of secondary flow on the model.
The maximum width of the model is 0.08 m, and the flume width is
1 m. Therefore, the water depth ranges from 0.114 to 0.2 m. In this
paper, the water depth is set to 0.195 m for all the testing cases.

A clear-water scour test was conducted to investigate the scour
performance of the SCTTP. The critical velocity of the sediment calcu-
lated by HEC-18,”* which has high precision for scour depth predic-
tion,”™ " is 0.3177 m/s. Hence, the test flow velocity is set to 0.26 m/s,
which is lower than the calculated critical velocity to ensure clear-
water conditions.

C. Determination of scour duration

In this study, the focus of the experimental program is to under-
stand the change of local scour as a function of caisson design and
geometry. It would undoubtedly have been better to carry out all of the
tests to a convincing equilibrium. Melville and Chiew”” and Mia and
Nago’® reported that equilibrium scour was achieved when the scour
depth increased by no more than 5% of the pier diameter in 24 h.
Cardoso and Bettess™ noted that scour will reach an equilibrium state
when the slope of the scour depth vs the logarithm of time approaches
zero. According to these indicators, each test may require one more
week, which is time-consuming for a parametric study with multiple
tests. Considering that this study does not propose a formula for pre-
dicting equilibrium values, the duration of all nine scour tests is set to
24 for a balance between efficiency and budget.

() (c)

FIG. 7. Process of oblique photogrammetry: (a) take 360-degree photographs of scour terrain, (b) set control points, and (c) point cloud of scour terrain.
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FIG. 8. Comparison of scour terrains between the test model and reconstructed model: (a) test photograph of the scour terrain and (b) scour terrain reconstructed by oblique

photogrammetry technology.
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FIG. 9. Grading curve of the test sediments.

Some researchers have attempted to estimate the equilibrium
scour depth based on tests with finite time.””"** Yang et al.®’ proposed
a function to extrapolate experimental temporal scour data to achieve
the equilibrium scour depth as follows:

dy(t;) =p1[1 — exp(—pats)] + ps[1 —exp(—pats)] + ps[1 — exp(—psLs)]
+p7[1 —exp(—psts)] +po[l —exp(—piots)], 1)

in which d; is the scour depth, ¢, is the scour testing time, and p; repre-
sents the fitting coefficient, which can be fitted by the least squares
method from existing scour test data. According to the equation, the
fitting equilibrium scour depth, ds., is equal to p; + p3 + ps + p7 + po
when the time is set to infinity.

To estimate the relationship between the 24-h scour depth and
the equilibrium scour depth, Eq. (1) was utilized to fit and extrapolate
the experimental scour depth. Figure 10 illustrates the experimental
data and the fitting curve of the development of the maximum scour
depth for all the models. The fitting equilibrium scour depth obtained
from the fitting curve is also marked on the corresponding figure by
the horizontal dashed line. The fitting results were satisfactory, and the

24-h scour depth was close to the equilibrium scour depth. Table II
presents the fitting coefficients of Eq. (1) for each fitting curve and
compares the 24-h scour depth and the fitting equilibrium scour depth.
According to the estimation using Eq. (1), the 24-h scour depth can
reach 94%-97% of the fitting equilibrium scour depth.

D. The procedure of scour tests

(1) Preparatory phase: fill and level the sand pool with uniform
quartz sand and lower the baffle height until the outlet is
blocked entirely. The pump was started, and water was slowly
added to the flume. The sediment was gradually soaked while
adding water, but no scour occurred, and the water depth grad-
ually increased. When the water depth reached a certain height
(this height of the water protected the riverbed from scour by
the surging water), the pump power and the baffle height were
adjusted until the water depth and the flow velocity satisfied the
test conditions, and the pump power and the baffle height were
recorded.

(2) Setup phase: install the test model, level the riverbed and lower
the baffle again. The addition of water from the first step was
repeated to ensure that no scour occurred. When the water
depth reached a certain height, the pump power and baffle
height were adjusted to the recorded values, and the scour test
began.

(3) Testing phase: during the test, the scour depth of the monitor-
ing points around the model was collected using an underwater
camera. After the test, the pump was switched off, and the water
was allowed to drain out and seep down until the sand surface
dried. The scour terrain information was subsequently collected,
and 360-degree photographs of the scour terrain were taken.

1ll. NUMERICAL INVESTIGATION INTO FLOW AROUND
SCTTP

A. Description of the numerical method

The RANS equations close to the RNG k — ¢ turbulence model
are adopted as the governing equations for the incompressible viscous
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FIG. 10. The experimental data and the fitting curve of the development of the maximum scour depth for all the models: (a) model #1, (b) model #2, (c) model #3, (d) model
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fluid motion around the skirted caisson. The governing equations of pressure, 5ij is the Kronecker delta, and u; and u§ are the mean and
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RANS are expressed as fluctuation water velocities, respectively.
5 9 The RNG k — ¢ turbulence model is as follows:
o
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nate axes, u;, Uj, and u; are the velocity components, p is the total k
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TABLE II. Fitting coefficients and comparison of the 24-h scour depth and the fitting equilibrium scour depth.

Model #1 #2 #3 #4 #5 #6 #7 #8 #9
P —49.26 0.62 —0.70 0.79 —1.86 0.29 2.02 23.98 0.56
P2 1.18 0.27 0.27 0.13 0.44 1.68 0.07 0.13 0.84
p3 —1.67 1.59 1.11 1.50 —4.94 2.44 —2.48 4.64 25.43
D4 0.76 0.35 0.51 0.13 0.06 1.49 0.27 1.67 0.90
Ds 6.41 3.09 2.44 1.80 9.11 4.12 3.65 —5.88 0.88
Ps 2.45 0.21 0.07 0.13 0.07 0.12 0.91 0.26 0.33
p7 4.13 —0.01 2.87 0.64 591 0.52 1.85 1.20 1.95
Ps 0.11 0.64 0.32 0.13 0.81 0.06 0.32 2.20 0.09
Do 49.61 1.77 0.58 1.38 0.14 0.89 2.55 —14.76 —22.83
Pro 1.13 0.07 0.45 0.13 0.49 1.43 0.23 0.13 0.88
r 0.99 0.99 1.00 0.99 0.99 0.99 0.99 1.00 1.00
24-h scour depth d;_»4 (cm) 8.90 5.80 5.95 7.35 8.90 5.90 6.85 8.00 8.00
Fitting equilibrium scour depth d;, (cm) 9.23 6.00 6.30 7.59 9.17 6.11 7.07 8.40 8.25
ds 24/ dse 0.96 0.97 0.94 0.97 0.97 0.97 0.97 0.95 0.97

where k is the turbulent kinetic energy, ¢ is the turbulent dissipation
rate, u; is the velocity component, o and «, are the inverse effective
Prandtl numbers for k and ¢, respectively, Heff is the effective viscosity,
Gy is the generation of turbulent kinetic energy due to the mean veloc-
ity gradients and can be calculated by Gy = p,(9u/z)* based on the
Boussinesq assumption, Gy, is the generation of turbulent kinetic energy
due to buoyancy, S and S, are user-defined source terms, and Cy;, Cy,,

Cup*(1=n/1o) &

and Cj; are turbulent model constants. The factor R, = ===75=%,

where C, = 0.0845, 1 = S¢ /¢, 1y = 4.38,and f = 0.012.

B. Numerical flume modeling considering scour terrain

In this investigation, Fluent, a commercial software package, was
employed to explore the intricacies of local scour mechanisms. The 3D
CFD numerical flume was configured in such a way that the width and
water depth were the same as those in the physical experiment. In con-
trast, the length of the numerical flume was decreased to 50 times the
length of the skirt (I + D) to optimize the computational efficiency, as
shown in Fig. 11. The inlet of the flume is 35 (I + D) from the center
of the SCTTP, which allows the flow to develop fully. The outlet is 15
(I + D) from the center of the SCTTP, and this distance is sufficient

35(1+D)

for developing the wake vortex. Additionally, the terrain of the numer-
ical flume was divided into three parts (flat terrain, scour terrain, and
flat terrain) along the flow direction. The terrain in front of the scour
terrain was flat, which was consistent with the results of the clear-
water scour test. The length of the scour terrain was 2 m, which cov-
ered the central part of the scour hole, and the front and back of the
scour terrain were 0.6 and 1.4 m from the center of the SCTTP, respec-
tively. The terrain behind the scour terrain was not flat in the experi-
ment, whereas the fluctuation degree of the terrain was small and had
little influence on the flow field around the SCTTP. Therefore, the ter-
rain behind the scour terrain was simplified into flat terrain. Since the
terrain length was 50 times the length of the skirt, the length of the two
flat terrains was uncertain and varied with the length of the skirt.

Notably, the numerical research in this paper focuses on the flow
field after scour rather than the further development of scour.
Therefore, the experimental scour terrain as a wall boundary was
imported into Fluent for the flow field calculation. For convenience of
description, a Cartesian coordinate system is established, and the point
of origin is set in the center of the skirt surface, indicating that the flat
riverbed elevation is 0.

The boundary conditions (BCs) for the computational domain
are shown in Fig. 12. The flow inlet was set as the velocity BC, and the

15(1+D)

T
0.195mi H i ‘ i

y
Br=
z3)

Scour terrain

Flat terrain ,

FIG. 11. Map of the numerical flume with
scour terrain.

Flat terrain
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FIG. 12. Mesh of the 3D numerical flume.

flow velocity was equal to the test velocity of 0.26 m/s. The outlet and
top boundaries were set as pressure BC to ensure water outflow and
simulate the actual atmospheric boundary. The two sides of the
numerical flume and the SCTTP were set as the no-slip wall BCs. The
bottom boundary was set as the wall BC with a constant roughness
height of dsy to simulate the riverbed, which is a method widely used
in scour simulations.”* *°

This study used an unstructured polygrid to divide the fluid
domain, as shown in Fig. 12. Fine grids were applied around the
SCTTP and riverbed to capture the contour features of the SCTTP and
the undulating riverbed more precisely. Coarse grids were adopted in
other regions to improve the computational efficiency. Additionally,
the boundary layer grid was set around the wall BCs, and five layers of
boundary layer grids were set on the boundary of the SCTTP and the
boundaries of the two sides and bottom of the numerical flume. The
first layer height was 5 mm, and the calculated y+- fell between 30 and
100, which met the requirements of the k — ¢ turbulence model.

C. Grid independence test

The grid resolution plays an essential role in the calculation
results. The simulation accuracy increases as the grid resolution
increases. However, increasing the simulation accuracy by increasing

the grid density is impractical due to the computational expense. The
grid independence test is critical for balancing the simulation accuracy
and efficiency. Model #3 was used to evaluate the mesh quality, which
did not change significantly when the change in structural form was
localized.””*® In this study, the maximum change size of the model
accounts for 0.4% and 4% of the length and width of the numerical
flume, respectively, which has a smaller effect on the flow field when
the boundary conditions, initial conditions, and mesh generation
methods are the same. Three grid resolutions, namely, “coarse,”
“medium,” and “refined”, were tested under the same flow conditions
with a velocity of 0.26 m/s and a water depth of 0.195m, as shown in
Fig. 13. The maximum grid size and grid number for the “coarse,”
“medium,” and “refined” meshes were (0.073m, 500328), (0.05m,
1006 869), and (0.036 m, 2 001 213), respectively.

The velocity profiles at various positions around SCTTP Model
#3 [at distances of —2.5(I + D), —3.25D, and 2.5(I + D) from the
model center] were simulated using different grid resolutions and are
depicted in Fig. 14. The velocity variance between the medium and
refined grids is smaller than that between the coarse and medium
grids, especially the flow velocity at the back of the SCTTP.

The grid convergence index (GCI) is applied to evaluate the
numerical calculation errors caused by the grid resolution and can be
calculated by

JUOCO00L OUCO00

100000000

030
o FIG. 13. The three grid resolutions: (a)
coarse grid, (b) medium grid, and (c)
NS refined grid.
(©
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FIG. 14. Comparison of flow velocity profiles for different grid resolutions: (a) front monitoring point, (b) side monitoring point, and (c) back monitoring point.

TABLE llI. Grid convergence indices for the flow velocity and TKE.

Key variables 012 023 12 3 m GCIL, GClL3
Velocity 0.0072 0.3997 1.2625 1.2573 12.3683 14.82% 0.049%
TKE —0.0001 —0.0233 1.2625 1.2573 4.8563 18.39% 1.89%
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FIG. 16. Calculated ranges of the scour area and volume.

where f is the discrete solution, fe,q is the exact solution, g, is the
function illustrated in the continuum and does not lean on discretiza-
tion, j is the grid spacing, m is the order number, k is the kth case, r is
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with different foundation forms.

the grid refinement ratio, N is the grid number, 0 +1 = fk — fir1
and F; is the safety factor and equals 1.25 for three different grids.”’
GCI, , represents the numerical calculation errors between the coarse
and medium grids, and GCI, 3 represents the numerical calculation
errors between the medium and refined grids.

In this section, the velocity and turbulence kinetic energy (TKE)
were selected as indicators to calculate the GCI at different grid resolu-
tions. The characteristic point was located in the scour hole. The GCI
values are shown in Table III. The GCI for the finer grid GCL, ;5 is
lower than that for the coarser grid GCI, ,, which implies that the
dependency of the numerical simulation on the cell size has been
reduced. In addition, GCL 5 is less than 3% for both the velocity and
TKE, indicating that a medium grid resolution is acceptable for
numerical simulations.”” Therefore, the total grid number was set to 1
million in this study. Notably, the number of grids is slightly different
due to the different models.

The details of mesh generation are as follows: (1) Setting the face
grid size: The global face grid size was set between 5 and 50 mm. Finer
grids, ranging from 5 to 10 mm, were applied around the SCTTP and
riverbed. (2) Generating and controlling the face grid quality: The face
grid was generated according to the specified sizes. The grid quality
was controlled by ensuring that the maximum skewness did not exceed

0.7. (3) Setting the boundary layer grid size and generating the volume
grid: The boundary layer grid grew on the wall boundary, with its size
determined by the aspect ratio. The first aspect ratio was set to 10, the
number of layers was set to 5, and the growth rate was set to 1.2. The
polygrid form was selected to generate the volume grid. (4)
Controlling the volume grid quality: The volume grid quality was
maintained by adjusting the nodes to ensure that the maximum skew-
ness remained below 0.7.

D. Validation of the numerical flume

In this section, the flow velocity profiles of the numerical flume
were validated in an empty flume and a flume with model #2 under no
sediment conditions. In the empty numerical flume, a vertical moni-
toring line is set in the position of the installed model to obtain the
simulated velocity profile. In the numerical flume with the model,
three vertical monitoring lines are set in front, side, and back of the
skirted caisson model [at distances of —2.5(I + D), —3.25D, and
251+ D from the model center]. The velocity profiles of the numeri-
cal simulation and the test are compared in Fig. 15. The corresponding
root mean square errors (RMSEs) are also shown in Fig. 15. It is clear
that the simulated flow agrees with the test results for both the empty

Phys. Fluids 36, 125139 (2024); doi: 10.1063/5.0235791
Published under an exclusive license by AIP Publishing

36, 125139-11

91:¥€:€0 9202 Asenuer 60


pubs.aip.org/aip/phf

Physics of Fluids

1500 14000
— [ Scour area
1200 [——1Scour volume | | 3200 _
NE \g/
£ 900t 12400 o
« g
2 =
5] <)
5 600r 11600 7
5] =
<Q o
1% S
1%
3001 H H 1800
0= — - " —_— ()
Uniform caisson Skirted caisson SCTTP
Model
(a)
0.5 T T T
041 -
03 -

02t o o ¥ J\\

01| go NS &N y
i o E -z
&0 &

The width of flume
]
T

2
2 S
0.1F 2 _) O (\0.“ .
PN S Q ;,0‘17
02F O+ 0y L E
) 0]
03 S
0.4 I E
Z -0.09 -0.06 -0.03 000 0.03 006 0.09 1

-0.5 L - L
E 0 0.5
The length of flume

(©

ARTICLE pubs.aip.org/aip/pof

0.5 T T

0.4 E

03 . Qﬁ 5%, E
o e et

02

S5 %\ |
‘ o
Sl S 3
~ )<

The width of flume
<
T

0 0.5 1
The length of flume

(b)

0.5 T T

04 E
03

0.2

The width of flume
=]

Z -0.09 -0.06 -0.03 0.00 0.03 0.06 0.09

1 1 J
=03 0 05 1
The length of flume

(d)

FIG. 18. Scour for foundations at the moment of 24-h scour: (a) scour area and volume, (b) scour terrain of the uniform caisson, (c) scour terrain of the skirted caisson, and (d)

scour terrain of the SCTTP.

flume and the flume with the skirted caisson model, and the corre-
sponding RMSEs are small. The validation confirmed that the simula-
tion precision of the flow field in the flume was acceptable. Therefore,
numerical simulations of the flow field around the model with the
scour terrain were carried out for all nine testing cases.

IV. RESULTS AND DISCUSSION

This section summarizes the experimental and numerical results
for the scour of nine models and discusses the effects of the foundation
form, the cross-sectional shape of the pier, the distance between two
piers and the width of the tie beam on the temporal development law
and mechanism of local scour from the perspectives of scour depth
development, 24-h scour area, and volume, flow streamlines, vortices,
and shear.

The skirt was level with the riverbed, and the rulers on the pier
recorded the siltation height. However, siltation above the skirt
occurred in a few cases, and the range and height were limited.
Therefore, this study mainly focused on the scour of the skirt portion,
and the siltation height on the skirt was treated as 0. Certainly, the sil-
tation was discussed, but it was not displayed in the figures.

When calculating the scour area and volume, only the
scour around the foundation was considered, and the riverbed

scour behind the foundation was not considered, as shown in
Fig. 16.

The third vortex identification method, Liutex Omega, was used
to evaluate the vorticity. Compared with the first and second vortex
identification methods, the third vortex identification method can rep-
resent, display, and measure the vortex correctly and identify the six
essential elements of the vortex, which overcomes the shortcomings of
the first and second vortex identification methods.”"”* The calculation
method is expressed by the following equations:

~ (o0 r)2
Qp = 2 2 2 2 )
2[(@-r)" =225+ 24, + 0]+ ¢

(11)

where Q R is the relative strength of the vortex,  is the vorticity vector
(V x v), v is the velocity vector, r is the Liutex direction vector (real
eigenvector of the velocity gradient tensor matrix), and A, Ac, and A,
are the imaginary part, the real part of the complex eigenvalue, and the
real eigenvalue of the velocity gradient tensor matrix, respectively,

&= bo (ﬁz - oCz)max? (12)
in which the range of b, is from 0.001 to 0.002, f = 0.5® - r, and

% =0.5y/(e x r)* — 4)2.
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A. Effect of the foundation form on local scour

This section investigated the effects of foundation form on local
scour, including three models: uniform caisson (model #1), skirted
caisson (model #2), and SCTTP (model #3).

During the test, the scour depth of the monitoring points at dif-
ferent times was recorded. The temporal development of the scour
depth of the different foundation forms is shown in Figs. 17(a)-17(c).
The scour depth gradually decreases from the front to the back of the
foundation for all the cases. The scour of uniform caisson develops
rapidly due to the large water-blocking width and the lack of anti-
scour countermeasures. During the initial period, scour occurred at
the front of the caisson, and the scoured sediment was transported to
the back of the caisson, resulting in siltation, which can be observed at
points 6-8 in Fig. 17(a). However, as the scour continued, the area
around the caisson gradually turned into the scour zone, and the scour
depth increased. For the skirted caisson and SCTTP, scour first
occurred at points 2 and 12 during the initial period, after which the
scour gradually extended to the front of the foundation. The scour
groove was connected at point 1 because scour did not occur at point

1, and the scour depth at points 2 and 12 increased gradually during
the initial period (approximately the first half hour), as shown in Figs.
17(b) and 17(c). Additionally, the sediment of the initial scour was
gradually transported backward, and siltation occurred at the middle
of the foundation (points 4 and 10), which is different from a uni-
form caisson. This is why points 4 and 10 had horizontal segments,
as shown in Figs. 17(b) and 17(c). The scour depth of the front and
middle of the foundation increased with time for the skirted caisson
and SCTTP. However, the scour at the back of the foundation dif-
fered between the skirted caisson and the SCTTP. The skirted cais-
son had siltation (0.2-0.43d) above the back end of the skirt
throughout the test, which is not shown in Fig. 17(b), as previously
mentioned. The scour at the back of SCTTP experienced a process
of decreasing, as shown in Fig. 17(c). The reason is that the scoured
sediment in front of the SCTTP was transported to the position of
the initial scour hole at the back of the SCTTP, which caused the
scour depth to decrease. Figure 17(d) shows the temporal develop-
ment of the maximum scour depth of the different foundation forms.
In the initial period, the scour development rate of the SCTTP was
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FIG. 20. Temporal development of the scour depth for the SCTTPs: (a) circular pier, (b) semicircular-ended pier, (c) square pier, and (d) maximum scour depth of the SCTTP

with different cross-sectional shapes of the pier.

the smallest, and that of the uniform caisson was the largest. At the
moment of 24-h scour, the maximum scour depths of the skirted
caisson and SCTTP were close, 0.65 and 0.67 times greater than that
of the uniform caisson, respectively.

After the test, the scour terrain was collected using oblique photo-
grammetry technology. The scour area and volume for different foun-
dation forms are shown in Fig. 18(a). The scour area and volume of
the uniform caisson are much larger than those of the skirted caisson
and SCTTP. The scour areas of the uniform caisson are 2.45 times and
1.99 times greater than those of the skirted caisson and SCTTP, respec-
tively, and the scour volumes of the uniform caisson are 3.45 times
and 3.01 times greater than those of the skirted caisson and SCTTP,
respectively. A large water-blocking width and lack of anti-scour coun-
termeasures cause a large scour area and depth, as shown in Fig. 17(b),
and indirectly lead to a large scour volume. In addition, the scour zone
completely encloses the uniform caisson. Compared with those of the
uniform caisson, owing to the protection of the skirt and the small
water-blocking width of the upper part of the skirted caisson and
SCTTP, the scour zones of the skirted caisson and SCTTP are smaller.
For the skirted caisson, there is a certain siltation above the back of the
skirt, as shown in Fig. 18(c). Therefore, the calculated scour area does
not cover the entire skirted caisson. The scour zone of the SCTTP is

larger than that of the skirted caisson due to the scour at the back of
the SCTTP, and the scour zone nearly encloses the SCTTP, as shown
in Fig. 18(d).

The flow fields of different foundation forms under scour terrain
conditions are shown in Fig. 19. Unlike the uniform caisson, the skirt
of the skirted caisson and the SCTTP stops some of the downward and
accelerated flow from impacting and shearing the riverbed, as shown
in Figs. 19(a), 19(d), and 19(g). In terms of the vortex, Fig. 19(b), 19(e),
and 19(h) provide the front view (y=0 m) and the top view
(z=—0.015 m) of the Liutex Omega of the different form foundations.
Although the scour has continued for 24 h, the range and intensity of
the horseshoe vortex of the uniform caisson are still larger than those
of the skirted caisson and SCTTP due to the large water-blocking
width and lack of anti-scour countermeasures. Compared with a uni-
form caisson, a skirt plays an essential role in blocking the shear caused
by accelerated flow, as shown in Figs. 19(c), 19(f), and 19(i). In addi-
tion, the large shear at points 2 and 12 caused the scour to occur first
in the initial period at these points, as mentioned above. In addition,
there are apparent differences in the shear at the back of the founda-
tion between the skirted caisson and the SCTTP. The shear above the
skirt is lower at the back of the skirted caisson. Thus, scour does not
develop, and even siltation occurs. However, the shear around the
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FIG. 21. Scour for SCTTPs at the moment of 24-h scour: (a) scour area and volume, (b) scour terrain of the SCTTP with a circular pier, (c) scour terrain of the SCTTP with a

semicircular-ended pier, and (d) scour terrain of the SCTTP with a square pier.

back pier of the SCTTP is greater, which drives the scour to develop
continually. Therefore, the scour area of the SCTTP is larger than that
of the skirted caisson. Although the scour area of the SCTTP increases,
the elevation difference in the riverbed between the front and back of
the SCTTP decreases, which reflects that the scour terrain of the
SCTTP is more stable.

B. Effect of the cross-sectional shape of the SCTTP pier
on local scour

This section investigated the effects of the cross-sectional shape of
the SCTTP pier on local scour, including three models: the SCTTP
with the circular pier (model #3), the SCTTP with the semicircular-
ended pier (model #4), and the SCTTP with the square pier
(model #5).

The temporal developments of the scour depth of the different
cross-sectional shapes of the SCTTP pier are shown in Figs. 20(a)-
20(c). The scour development at the front of SCTTPs with different
cross-sectional shapes of the pier is generally the same. The scour devel-
ops quickly in the initial period, after which the scour development rate
decreases. The scour at the middle and back of the SCTTPs differs due
to the different cross-sectional shapes of the pier. In the initial period,

the middle of the SCTTPs with semicircular-ended and square piers
(points 4 and 10) did not form a horizontal segment, indicating that sil-
tation did not occur. Instead, the horizontal segment is moved to points
5 and 9, which differs from the SCTTP with the circular pier. This is
because the back flat surface of the front pier and the front flat surface
of the back pier cause the scour to be aggravated in the middle of the
two piers. The scoured sediment in the front and middle of the SCTTP
is transported together to the back end of the SCTTP. Therefore, the
horizontal segment appeared at points 5 and 9. In addition, due to the
scour in the middle of the SCTTP, the scour at the front of the SCTTP
is not restricted, causing the scour depth to intensify, as shown in Figs.
20(b) and 20(c). In addition, due to the front flat surface of the square
pier, the scour of the SCTTP with the square pier is greater than that of
the SCTTPs with the circular pier and semicircular-ended pier. Figure
20(d) shows the temporal development of the maximum scour depth
of SCTTP with different cross-sectional shapes of the pier. The maxi-
mum scour depths of the SCTTP with circular piers, the SCTTP with
semicircular-ended piers, and the SCTTP with square piers are distrib-
uted from smallest to largest. At the moment of 24-h scour, the maxi-
mum scour depths of the SCTTP with the semicircular-ended pier and
the square pier are 1.24 and 1.5 times greater than those of the SCTTP
with the circular pier, respectively.
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of SCTTP with square pier (m/s), (h) vortex of SCTTP with square pier, and (i) shear of SCTTP with square pier (Pa).

The distributions of the scour area and volume of the SCTTPs
with different cross-sectional shapes of the pier are consistent with the
maximum scour depth, as shown in Fig. 21(a). The scour areas of
SCTTPs with semicircular-ended piers and square piers are 1.19 and
1.64 times greater than those of SCTTPs with circular piers, respec-
tively, and the scour volumes of SCTTPs with semicircular-ended piers
and square piers are 1.59 and 2.69 times greater than those of SCTTPs
with circular piers, respectively. The contour lines of the SCTTPs with
different cross-sectional shapes of the pier are shown in Figs. 21(b)-
21(d), and the relative relationships between the scour zone and depth
of the SCTTPs with different cross-sectional shapes of the pier are
shown. Nearly all of the scour zones of SCTTPs with different cross-
sectional shapes of pier enclose the corresponding SCTTPs. The differ-
ences are reflected in the scour area and depth of the scour zone of the
SCTTP with different cross-sectional shapes. As mentioned above, the
flat surfaces of the semicircular-ended pier and square pier indirectly
intensify the scour area and depth.

The flow fields of SCTTPs with different cross-sectional shapes of
the pier are shown in Fig. 22. The downward flow induced by the arc

surface of the circular pier and semicircular-ended pier is weaker than
that induced by the flat surface of the square pier, as shown in Figs.
22(a), 22(d), and 22(g), which intensifies the scour of the SCTTP with
the square pier. The front view (y = 0 m) and the top view (z= —0.015
m) of the Liutex Omega of the SCTTP with different cross-sectional
shapes of the pier are shown in Figs. 22(b), 22(e), and 22(h). After a
24-h scour, the range and intensity of the horseshoe vortices of the
SCTTP with different cross sections of the pier tend to be the same.
However, the vortexes between the two piers of the SCTTP with differ-
ent cross-sectional shapes exhibit specific differences. The intensity of
vortexes near the skirt surface between the two piers of the SCTTP
with semicircular-ended piers and square piers is greater, which is the
reason for the aggravation of scour in the middle of the SCTTPs.
According to Figs. 22(c), 22(f), and 22(i), the shear of the riverbed
around the caisson is small due to the 24-h scour. However, the initial
development of scour can be inferred from the shear on the caisson.
The shear at the sides of the two circular piers is greater, and initial
scour occurs there. The larger shear only appears on the sides of the
front piers for the SCTTP with semicircular-ended pier and square
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FIG. 23. The temporal development of the scour depth for the SCTTPs: (a) I=1.54d, (b) I=2.5d, (c) I =3.5d, and (d) the maximum scour depth of the SCTTP with different

distances between the two piers.

pier because the flat surfaces of the front semicircular-ended pier and
the front square pier disperse the flow and prevent the flow from
directly impacting the back pier. Therefore, the intensity of accelerated
flow is not strong at the back semicircular-ended pier or the back
square pier. Additionally, the magnitude of the scour depth of different
SCTTPs can be inferred indirectly from the shear range and intensity
blocked by the skirt.

C. Effect of the distance between two piers of the
SCTTP on local scour

This section investigated the effects of the distance between the
two piers of the SCTTP on the local scour, including three models: the
SCTTP with I=1.5d (model #6), the SCTTP with [ =2.5d (model
#3), and the SCTTP with [ = 3.5d (model #7).

The temporal developments of the scour depth of SCTTPs with
different distances between two piers are shown in Figs. 23(a)-23(c).
The scour depth gradually decreases from the front to the back of the
SCTTP with [=1.5d, and the scour depth at 24 h becomes relatively
evenly distributed with increasing distance from the front of the
SCTTP. With increasing I, a fluctuation in the scour depth occurs
around the back of the SCTTP, which does not appear in the SCTTP

with [ = 1.5 d and is highly intense in the SCTTP with [ =3.5d. This is
because the influence of the front pier on the back pier decreases with
increasing /, and the scour at the front and back of the SCTTP are rela-
tively independent. Therefore, the scour depth at the back of the
SCTTP with [ =3.54 is greater than those with [=1.5d and [=2.5d
in the scour process. Additionally, the scoured sediment at the front of
the SCTTP was transported to the middle of the SCTTP, where it
formed siltation. The silted sediment continues to be transported to
the back of the SCTTP, causing a decrease in the scour depth at the
back of the SCTTP. Therefore, a fluctuation in the scour depth occurs
around the back of the SCTTP with increasing I. Figure 23(d) shows
the temporal development of the maximum scour depth of the SCTTP
with different distances between the two piers. The maximum scour
depth of the SCTTP with /=1.54d is smaller. However, as the silted
sediment in the middle of the SCTTP was transported to the back of
the SCTTP, the scour intensified. Therefore, the maximum scour
depth of the SCTTP with [=1.5d is close to that with /=2.5d. For
the SCTTP with [ = 3.5 d, the scour at the back of the SCTTP is severe,
which intensifies the scour at the front of the SCTTP. Therefore, the
maximum scour depth of the SCTTP with [=3.5d is greater than
those of the SCTTPs with [=1.5d and [ =2.5d, roughly by a factor
of 1.15.
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FIG. 24. Scour for SCTTPs at the moment of 24-h scour: (a) scour area and volume, (b) scour terrain of SCTTP with I =1.54d, (c) scour terrain of SCTTP with I=2.5d, and

(d) scour terrain of SCTTP with I =3.54d.

The scour area and volume for SCTTPs with different distances
between two piers are shown in Fig. 24(a). The scour area and volume
of the SCTTPs with [=1.5d and [=25d are roughly the same,
whereas those of the SCTTP with [=3.5d are greater. This result is
consistent with the maximum scour depth. The scour areas of the
SCTTPs with I=1.5d and [=3.5d are 0.91 and 2.03 times greater
than those of the SCTTPs with [ = 2.5 d, and the scour volumes of the
SCTTPs with [=1.5d and [=3.5d are 0.94 and 1.94 times greater
than those of the SCTTPs with [=2.5d. According to Figs. 24(b)-
24(d), the scour at the back of the SCTTP becomes more obvious with
increasing . The scour zone of the SCTTP with /=154 is a whole
due to the smaller I. With increasing [, shrinkage occurs in the middle
of the scour zone, which reflects the difference in the formation of the
scour zone between the front and back of the shrinkage. The front
scour zone is caused by the combined effect of the two piers, whereas
the back scour zone is caused by the back pier. With increasing [, the
position of the shrinkage moves forward, the back scour zone
increases, and the effect of the back pier on the front scour zone is
small, as shown in Fig. 24(d).

The flow fields of SCTTPs with different distances between two
piers are shown in Fig. 25. [ affects mainly the accelerated flow. The
accelerated flow generated by the front pier covers the back pier, caus-
ing the accelerated flow of the two piers to merge into one, as shown in

Fig. 25(a). With increasing I, accelerated flow is generated on the sides
of the two piers, as shown in Figs. 25(d) and 25(g). The front view
(y=0) and top view (z=—0.015) of the Liutex Omega of SCTTPs
with different distances between the two piers are shown in Figs. 25(b),
25(e), and 25(h). Based on the approximate scour depth, the range and
intensity of the horseshoe vortex of the SCTTP with [ = 2.5 d are larger
than those of the SCTTP with [ =1.5d. While the scour depth of the
SCTTP with [ =3.54d is large, both the range and the intensity of the
horseshoe vortex decrease. The vortexes between the two piers also
reflect the influence of the distance between the two piers on the flow
field. The smaller [ is, the greater the intensity of the vortex between
the two piers. In terms of shear, the shear around the sides of the front
pier is greater than that around the sides of the back pier. With
increasing I, the shear around the front pier and back pier becomes
increasingly independent, as shown in Figs. 25(c), 25(f), and 25(i),
which explains why the scour zones at the front and back of the
SCTTP become increasingly independent.

D. Effect of the width of the SCTTP tie beam on local
scour

This section investigated the effects of the width of the SCTTP tie
beam on the local scour, including three models: SCTTP with b=2d
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(model #3), SCTTP with b=1.5d (model #8), and SCTTP with b=d
(model #9).

The temporal developments of the scour depth of SCTTPs with
different widths of tie beam are shown in Figs. 26(a)-26(c). The width
of the tie beam decreases, and the skirt is deformed from a round-
ended shape to a dumbbell shape. The sudden change in shape in the
middle of the skirt aggravated the scour in the middle of the SCTTP.
As a result, scour occurs simultaneously in the front and middle of the
SCTTPs with b=1.5d and b=d in the initial period, which is differ-
ent from the SCTTP with b =2d. As mentioned above, the scour in
the middle of the SCTTP can aggravate the scour in front of the
SCTTP. Therefore, the scour depth in front of the SCTTPs with
b=1.5d and b=d is greater than that with b =2 d. In addition, with
decreasing b, the depth of the grooves on both sides of the SCTTP
increases, causing the scour depth in the middle and back of the
SCTTP to increase. Figure 26(d) shows the temporal development of
the maximum scour depth of the SCTTP with different widths of the
tie beam. The maximum scour depth history curves of the SCTTPs
with b=1.54d and b = d almost coincide, which reflects that the maxi-
mum scour depth of the SCTTP with a groove in the middle is less

affected by the groove depth. Additionally, the maximum scour depth
of the SCTTPs with b=1.5d and b =4d is 1.34 times greater than that
of the SCTTPs with b =2d.

The scour area and volume for SCTTPs with different widths of
tie beam are shown in Fig. 27(a). The scour area and volume increase
with increasing b. The scour zone and volume of the SCTTPs with
b=1.5d and b=d are similar, reflecting that the grooves in the mid-
dle of the SCTTP play a minor role in the scour area and volume, simi-
lar to the law of maximum scour depth. The scour areas of the
SCTTPs with b=1.5d and b =d are 1.39 and 1.48 times greater than
those of the SCTTPs with b=2d, and the scour volumes of the
SCTTPs with b=1.5d and b=4d are 1.94 and 2.11 times greater than
those of the SCTTPs with b=2d. According to Figs. 27(b)-27(d), the
scour zones enclose the SCTTPs with b=1.5d and b=d, whereas
the scour zone does not enclose the SCTTP with b =2 d. Additionally,
the difference in the scour zone between SCTTPs with b=1.5d and
b=d is mainly at the back of the SCTTP due to the influence of b.
The scour zone of the SCTTP with b =d at the back of the SCTTP is
relatively large, which makes the elevation difference between the front
and the back of the SCTTP relatively small.

Phys. Fluids 36, 125139 (2024); doi: 10.1063/5.0235791
Published under an exclusive license by AIP Publishing

36, 125139-19

91:¥€:€0 9202 Asenuer 60


pubs.aip.org/aip/phf

Physics of Fluids

0.4

—8— Point 1
=8— Point 2
—&— Point 3
Point 4
=@ Point 5
=&— Point 6
== Point 7
Point 8
Point 9
Point 10
Point 11

o
~

Scour depth/d
S

Ty

Point 12

Time (h)

(a)

=—8— Point 1
—&— Point 2
| | =@=Point 3
Point 4
—&— Point 5
=&— Point 6
- | =@ Point 7
Point 8
—&— Point 9
Point 10
Point 11
Point 12
Point 13
Point 14
Point 15
Point 16

Scour depth/d

TERRY]

ARTICLE pubs.aip.org/aip/pof

=—&— Point 1
=&— Point 2
=& Point 3
Point 4
=& Point 5
=& Point 6
=& Point 7
Point 8
—&— Point 9
Point 10
Point 11
Point 12
Point 13
Point 14
Point 15
Point 16

Scour depth/d

$ididd

Time (h)
(b)

N
~

The maximum scour depth/d

4 8 12 16 20 24
Time (h)

(d)
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the tie beam.

The flow fields of SCTTPs with different widths of tie beam are
shown in Fig. 28. Compared with the smooth tie beam of the SCTTP
with b=24d, the streamlines at the grooves of the SCTTPs with
b=1.5d and b=d are more turbulent, which causes scour to first
occur at this position, as shown in Figs. 28(a), 28(d), and 28(g). The
front view (y=0 m) and the top view (z=—0.015 m) of the Liutex
Omega of the SCTTP with different widths of tie beam are shown in
Figs. 28(b), 28(e), and 28(h). The range and intensity of the horseshoe
vortex of the SCTTP with b =2d are greater than those of the SCTTP
with b=1.5d and b=4d due to the small scour depth. In addition,
there are some vortexes at the grooves of the SCTTPs with b=1.5d
and b = d according to the top view of the Liutex Omega, which can
also explain why scour first occurs in the grooves. In terms of shear,
with decreasing b, the shape mutation of the tie beam becomes more
obvious, causing the range and intensity of shear around the front pier
to increase, as shown in Figs. 28(c), 28(f), and 28(i). Additionally, the
shear on the riverbed at the back of the SCTTP with b =2d is greater
than that of the SCTTP with b=1.5d and b =d, which reflects that
the scour at the back of the SCTTPs with b= 1.5d and b =d is greater,
as shown in the contour line of the terrain.

V. CONCLUSIONS

This study investigated the local scour performance of
SCTTPs under steady flow. The effects of the design parameters of
the SCTTP, including the foundation form, the cross-sectional
shape of the pier, the distance between the two piers, and the width
of the tie beam, on the local scour were investigated experimentally
and numerically. The temporal development law and mechanism
of the local scour of SCTTPs were discussed from the perspective
of scour depth development, 24-h scour area and volume, flow
streamlines, vortexes, and shear. The main conclusions are as
follows:

(1) The skirt plays an essential role in reducing scour due to the
blocking effect on the downward and accelerated flows. The
maximum scour depths of the skirted caisson and SCTTP are
only 0.65 and 0.67 times greater, respectively, than that of the
uniform caisson. The scour area and volume of the skirted cais-
son and SCTTP are smaller than those of the uniform caisson.
Because of the more significant shear around the back pier of
the SCTTP, the scour at the back of the SCTTP is greater,
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2

3

causing the elevation difference in the riverbed between the
front and back of the SCTTP to decrease.

For SCTTPs with semicircular-ended piers and square piers, the
back flat surface of the front pier and the front flat surface of
the back pier enhance the vortex between the two piers, which
aggravates the scour in the middle of the SCTTP. The scour at
the front of the SCTTP is not restricted, causing the scour depth
to intensify. In addition, the front flat surfaces of the front
square pier enhance the downward flow, further intensifying
the scour of the SCTTP with the square pier. Therefore, the
maximum scour depth is ranked as greatest to smallest for the
SCTTP with square piers, the SCTTP with semicircular-ended
piers, and the SCTTP with circular piers, and the maximum
scour depths of the SCTTP with semicircular-ended piers and
square piers are 1.24 and 1.5 times greater than those of the
SCTTP with circular piers, respectively. The distributions of the
scour area and volume of SCTTPs with different cross-sectional
shapes of the pier are consistent with the maximum scour
depth.

With increasing [, the correlation of the accelerated flow
around the piers weakens, the scour at the front and back of
the SCTTP gradually becomes independent, and the scour

(4)

zone at the back of the SCTTPs gradually increases. Due to
the intense scour at the back of the SCTTP with [=3.54d, the
scour at the front of the SCTTP is aggravated. In addition, as
the silted sediment in the middle of the SCTTP with [=1.5d
was transported to the back of the SCTTP, the scour also
intensified. Therefore, the maximum scour depth of the
SCTTP with [=1.54 is close to that with /=2.5d, and the
maximum scour depth of the SCTTP with [=3.5d is more
significant than those with /=1.5d and / =2.5d, roughly by a
factor of 1.15.

With decreasing b, the skirt is deformed from the round-
ended to the dumbbell shape. The appearance of grooves
causes turbulent flow and the vortex in the grooves, leading to
the dramatic development of scour. The flow field at the back
of the SCTTP is affected by the turbulent flow at the grooves,
leading to an increase in the scour zone of the SCTTP.
Additionally, the scour at the front of the SCTTP is not
restricted, increasing the scour depth. However, because of the
concavity in the groove, the grooves have little effect on the
flow field at the front of the SCTTP. Therefore, the maximum
scour depth history curves of the SCTTPs with b=1.5d and
b=d almost coincide, and the maximum scour depth of the
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b=d, and (i) shear of SCTTP with b=d (Pa).

SCTTPs with b=1.5d and b=d is 1.34 times greater than
that of the SCTTP with b=2d.

It should be noted that the testing cases in this paper cannot cover
all possible design parameters, such as the cross-sectional shape of the
pier, the skirt width, and elevation, which need investigation in the
future. The 24-h scour test duration was not long enough to achieve
solid equilibrium. Therefore, it is necessary to study the design param-
eters of the SCTTP on local scour further by carrying out more equilib-
rium scour tests in the future. Moreover, it is interesting to develop
advanced underwater and noncontact terrain measuring techniques to
measure the terrain when the scour develops at its intensest, which is
more helpful for understanding the scour mechanism.
Notwithstanding these limitations, the conclusions drawn from this
research provide insight into the engineering design optimization of
SCTTPs from the perspective of scour.
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