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Submerged pile groups are important components of complex piers in hydraulic
engineering and are analogs for a range of subsea structures. These may sustain
severe damages from local scour. The velocity intensity (U / Uc, the ratio of critical
velocity to mean velocity) and aspect ratio (H / Dp, the ratio of pile height to pile diameter)
are critical variables in this scour process. However, previous studies on scour around
submerged pile groups were conducted in clear-water conditions (U / Uc < 1). In addition,
many research studies are being conducted in shallow water flow conditions, which
cannot eliminate the effect of the water depth on the scour process. Thus, these research
studies cannot directly be applied to live-bed scour around submerged structures. To
expand the velocity intensity and aspect ratio of scour around submerged pile groups,
flume experiments were conducted with uniform quartz sand in both clear-water and live-
bed conditions. Pile groups with different heights are adopted as experimental models. An
improved time factor for both clear-water and live-bed scour around submerged
structures is determined with the present experiments to extrapolate the scour depth of
the present work to the equilibrium scour depth. This new time factor is then tested with
experimental data from the literature. The tests demonstrate that this new time factor can
reliably predict the scour process and equilibrium scour depth for submerged structures.
Empirical relationships to demonstrate the effects of the studied variables including the
equilibrium scour depth, scour area, and scour volume are presented. Different methods
to predict the effects of the velocity intensity and aspect ratio on the scour depth are
compared based on the present work. Furthermore, a correction coefficient is proposed
to illustrate the effect of aspect ratio on scour depth. Then, equations of scour area and
volume are derived according to the present experiments.
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1 INTRODUCTION

Pile groups are widely used as supporting structures in coastal
and ocean engineering, e.g., cross-sea bridges, platforms, and
wind turbines. The protection method and its assessment have
been paid special attention by many researches (Fazeres-
Ferradosa et al., 2019; Wu et al., 2020; Fazeres-Ferradosa et al.,
2021). Piers become submerged when the flow depth is larger
than the structure height (Dey et al., 2008). Occasionally, these
are designed as submerged structures. In addition, submerged
pile groups are essential components for complex piers.
Superposition methods (Salim and Jones, 1996; Richardson
and Davis, 2001; Sheppard and Glasser, 2004; Arneson et al.,
2012) are widely adopted to evaluate the scour depth around
complex piers. Evaluating the scour depth around submerged
pile groups is an important step for this method. Here, the typical
superposition methods by Arneson et al. (2012) and Sheppard
and Renna (2005) are described in detail.

The fundamental design adopted by the superposition
methods in Arneson et al. (2012) is the calculation of the scour
depth of different components expressed as

Dse = Dse,col + Dse,pc + Dse,pg (1)

where Dse is the equilibrium scour depth of piers. Dse,col, Dse,pc,
and Dse,pg are the scour depths of the column structure, pile cap
structure, and pile-group structure, respectively.

Each component is calculated based on the scour equation of
HEC-18 (Richardson and Davis, 2001), which is expressed as

Dse

d
= 2:0KbedKaKs

Dp

d

� �0:65 Uffiffiffiffiffi
gd

p !0:43

(2)

Where Dp is the pier diameter;d is the water depth; Kbed is a
factor equal to 1.1 for clear-water scour, plane bed, or small
dunes;Ka is a factor for the angle of attack and is equal to 1.0 for
aligned flow; and Ks is the shape factor and is equal to 1.0 for a
circular or round nose and 1.1 for rectangular piers. U is the
mean flow velocity, and g is the gravitational acceleration.

The Florida Department of Transportation (FDOT)
(Sheppard and Renna, 2005) calculates scour using another
superposition method, expressed as

De = De,col + De,pc + De,pg (3)

where De is the equivalent diameter of complex piers. De,col, De,pc,
and De,pg are the equivalent diameter of the column structure, pile
cap structure, and pile-group structure, respectively.

The final step of the FDOT is to substitute De as Dp in the
FDOT single pier equation. This can be expressed by

Dse

Dp
= 2:5f1f2f3 (4)

where f1, f2, and f3 are the correction factors for the flow depth,
velocity intensity, and sediment size, respectively.

The mechanics of scour around submerged pile groups are
complex because pile-group effects depend on the pile spacing,
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velocity intensity (Yang et al., 2020), and the ratio of pile height
to pile diameter [also called aspect ratio (H / Dp)]. Typically, each
of these parameters is assumed to have an independent effect on
the scour depth (Melville and Coleman, 2000).

Dse

Dp
= KIKdKD50KsKsKaKt (5)

where the coefficients on the right are the correction factors for
velocity intensity, flow depth, sediment size, sediment gradation,
pile shape, pile alignment, and time. Similar equations with
different factors have been proposed by many other researchers
(Melville and Sutherland, 1988; Salim and Jones, 1996; Melville,
1997; Richardson and Davis, 2001; Arneson et al., 2012).

Many research studies have contributed to a better
understanding of the scour process. Salim and Jones (1996)
conducted a variety of studies on the local scour depth around
submerged square pile groups under the threshold velocity. They
derived a correction factor (Eq. 6) to adjust the equation
designed for predicting the scour depth of piers to that for
predicting submerged pile groups,

Kh =
Dse

Dse,∞
=

H
d

� �0:41

(6)

where Kh is the correction factor for the height of pile groups,
Dse,∞ is the equilibrium scour depth of infinitely tall pile groups,
and H is the pile height in the submerged condition.

Correction factor with power form as Eq. 6 has not been
widely adopted and improved because square pile groups are not
as widely used as circular pile groups. Moreover, more
experiments are needed to conclude and verify the correction
factor. Nevertheless, correction factors for submerged structures
have been widely used in later research.

Sumer and Fredsøe (2002) recommended the following
correction factor for the aspect ratio:

Kh = 1 − exp −b
H
Dp

 !
(7)

where b = 0.55 is an empirical constant in clear-water conditions.
Zhao et al. (2010) conducted experiments both in clear-water
(U / Uc = 0.99) and live-bed conditions (U / Uc = 1.23) focusing
on submerged piles (0.25 < H / Dp < 8.33). To compare their
experimental data with Eq. 3, concluding a larger b is suitable in
the live-bed condition. Thus, it is evident that b is related to the
velocity intensity and that a constant value (0.55) is not suitable
for the live-bed condition. The experimental water depth was
maintained at 0.5 m, and d / Dp was 5 and 8.3. These can prevent
the influence of water depth on the scouring process.

To expand the velocity intensity range and an aspect ratio
range of scour around submerged piles, an O-tube (Cheng et al.,
2014) was used by Yao et al. (2018) to study the effect of velocity
intensity (ranging from 0.99 to 5.75) and aspect ratio (ranging
from 0.1 to 7.0) on the scour around submerged structures. The
water depth in their experiments was 1.0 m in the O-tube. This
was 8.7 times larger than the pile diameter (0.115 m). Thus, the
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effect of water depth can also be eliminated from the influence
factor. Only the aspect ratio (H / Dp) was required to represent
the effect of pile height as in Zhao et al. (2010). With regard to the
live-bed condition, b is a function of the relative Shields
parameter (q / qcr). (q / qcr)0.5 is equal to the ratio of the
friction velocity to the critical friction velocity, as well as the
velocity intensity,

b =
2:226 − 0:587 q

qcr

� �0:5
        1:0 < q

qcr

� �0:5
≤ 2:093

1 + 1:931 1 − exp 2:094 − q
qcr

� �0:5� �� �
2:093 < q

qcr

� �0:5
≤ 6:0

8><>:
(8)

There are few experimental studies on live-bed scour around
submerged pile groups. Most studies were conducted under the
threshold velocity. This was because of the assumption that
the maximum scour depth occurs when the flow velocity is close
to the threshold velocity in the clear-water condition. This
assumption has been demonstrated by many studies in the single
pile case under the clear-water condition (Melville, 1984; Melville
and Sutherland, 1988; Sheppard et al., 2004). When the velocity
intensity increases under the live-bed condition, the scour depth
decreases to a turning point and then increases continuously. This
phenomenon has been observed and explained in the case of single
pile and submerged structures by many research studies (Melville,
1984; Sheppard and Miller, 2006; Yao et al., 2018).

When the velocity is close to and above the critical velocity,
transported sand and ripples from upstream enter the scour hole
and limit its continuous growth. Thus, the maximum scour
depth decreases with the increase in velocity intensity.
However, this trend ends with a continuous increase in
velocity intensity because an increase in velocity intensity also
results in a larger local scour depth around piles. The velocity
intensity corresponding to the minimum scour depth in the live-
bed condition is approximately 1.3–1.8 (Melville, 1984; Yao et al.,
2018). Beyond this, the effect of the increase in scour by the
increase in velocity intensity dominates the scour process. The
scour depth continues to increase with the velocity intensity.

This phenomenon may be different for scour around pile groups
and submerged pile groups because the pile-group reinforcing effect
would strengthen the scouring depth of the front pile compared
with single pile or submerged structures. Meanwhile, the sand
transported from upstream attains close to a constant value for a
given constant current. Thus, this strong scouring process and
similar sand transportation should result in a turning point that is
smaller than that for single pile or submerged structures.

The current research on submerged pile groups uses a similar
velocity intensity. In addition, the water depth is inadequate to
prevent it from affecting the scour process. The flow shallowness
needed to be considered in the experiments of Amini et al. (2012).
This is because the minimum ratio of water depth to equivalent pile
diameter (d / nDp) is 1.33. Thus, another variable (namely,
submerged ratio Sr = H / d) is required to represent the complex
interaction between water depth and pile height. The following
correcting factors were proposed by Amini et al. (2012) based on the
experimental data and the control tests.
Frontiers in Marine Science | www.frontiersin.org 3
Best fitting:

Kh = S3r − 2:4S2r + 2:4Sr (9)

Envelope fitting:

Kh = 1:7S3r − 4S2r + 3:3Sr (10)

A similar correction factor was used in Dey et al. (2008) with a
similar polynomial form. Galan et al. (2018) conducted
experiments focusing on submerged pile groups under a steady
threshold velocity. The studied variables were submerged ratio,
skewed angle, and pile arrangements. The ratio of water depth to
equivalent pile diameter (d / nDp) was 0.5. Thus, it could not
eliminate the effect of water depth on the scour process.

The review of previous research reveals that no experimental
study has been conducted on submerged pile groups in the live-
bed condition. Research is urgently required for a detailed
explanation of the scouring mechanism and scouring
characteristics of pile groups in live-bed conditions as well. A
correcting factor that considers the pile height as a factor isolated
from the velocity intensity has been demonstrated to be
ineffective (Zhao et al., 2010; Zhao et al., 2012; Yao et al., 2018).

This work focuses on the aspect ratio and velocity intensity,
and their effects on submerged pile-group scour.
2 FRAMEWORK FOR ANALYSIS

The maximum scour depth of submerged pile groups in
rectangular channels at a given time instant t can be
described by the following set of independent variables
(Lança et al., 2013):

Dst = j d;U ;  g;  rs; rw;  m;  D50;  sg ;Uc;Dp;B;  S;  H;Ks;m; n;a ; t
� �

(11)

where j denotes function, Dst is the maximum scour depth of
the pile group at the time instant t, d is the approaching flow
depth, U is the approaching flow velocity, g is the gravitational
acceleration, rs is the sediment density, rw is the water density,
m is the dynamic viscosity coefficient, D50is the median particle
size, sg is the sediment gradation, Uc is the approaching flow
velocity for the threshold of sediment entrainment, Dp is the
individual pile diameter, B is the flume width,S is the pile
spacing, H is the height of the pile groups, Ks is the shape factor
of individual piles, m is the number of rows in the groups, n is
the number of columns in the groups, and a is the pile-group
skew angle. In a fully developed turbulent flow, the viscous
force would not influence the temporal development of scour.
Uc is a function of D50, sg, rs , rw , and g . By non-
dimensionalizing Eq. 11,

Dst

Dp
= j

d
DP

;
U
Uc

;  
rs
rw

;  
D50

Dp
;
H
Dp

;
rwUD
m

;  
H
d
;  sg ;Uc;B;  S;  Ks;m; n;a ; t

 !
(12)
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Many assumptions are adopted to simplify the problem and
focus on the main research themes:

1. For
Dp

D50
≈ e 50 − 200, the scouring would attain the maximum

(Melville and Chiew, 2000; Melville and Coleman, 2000).2.
For D 50 >0.6mm, sg <1.5 , the sand bed would not retain any
ripple upstream of the structures in a clear-water region. The
sand can be considered uniform (Melville and Coleman,
2000).

3. Only quartz sand is used during the experiments. Hence rs
rw

=

2.64 (constant).

4. For B/d≈~5 , the effects of the wall and the cross-sectional
shape are negligible; the approaching velocity field can be
considered two-dimensional at the central section of the
channel (Lança et al., 2013; Galan et al., 2018).

5. For nDp or De < 0.1B (De = equivalent diameter of pile groups),
the contraction effect is negligible (Raudkivi and Ettema,
1983; Melville and Sutherland, 1988; Melville and Chiew,
1999).

6. For d
nDp

= 3, the equivalent diameter of pile groups (De) should

be less than nDp. Thus, d
De

> 3, and the water depth would not

affect the final equilibrium scour depth around submerged
pile groups (Ettema, 1980; Chiew, 1984; Melville and
Sutherland, 1988; Larsen et al., 2017).

7. rwUD
m can be considered to be negligible when the flow is

completely turbulent (Ettema et al., 1998).

Thus, Eq. 12 can be expressed as follows:

Dst

Dp
= j

U
Uc

;
H
Dp

;  
S
DP

;  Ks;m; n;a ; t

 !
(13)

In addition, the expressions for the scour area and scour volume
can be simplified as follows:

Ast

Dp

� �2 = j
U
Uc

;
H
Dp

;  
S
DP

; q;  Ks;KA;m; n;a ; t

 !
(14)

Vst

Dp

� �3 = j
U
Uc

;
H
Dp

;  
S
DP

; q;  Ks;KV ;m; n;a ; t

 !
(15)

where Ast is the scour area around pile groups, Vst is the scour
volume around pile groups, q is the slope angle, and KA and KV

are the correction factors for the different scour slopes.
The equivalent diameter of pile groups (De) can be expressed

as

De

Dp
= j

S
Dp

;Ks;m; n;a ;
H
d

 !
(16)
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Then, Eqs. 13–15 can be expressed as

Dst

De
= j

U
Uc

;  
Ut
De

;  
H
Dp

 !
(17)

Ast

Dp

� �2 = j
U
Uc

;   q;  
Ut
De

;  KA;  
H
Dp

 !
(18)

Vst

Dp

� �3 = j
U
Uc

;   q;  
Ut
De

;  KV ;  
H
Dp

 !
(19)

For the equilibrium scour depth, t does not influence the scour
depth, area, or volume. These can be expressed as

Dse

De
= j

U
Uc

;  
H
Dp

 !
(20)

Ase

Deð Þ2 = j
U
Uc

;   q;  KA;    
H
Dp

 !
(21)

Vse

Deð Þ3 = j
U
Uc

;   q;  KV ;  
H
Dp

 !
(22)

Thus, Dse / Ds is a function of velocity intensity and aspect ratio.
Ase and Vse are functions of velocity intensity, slope angle, correct
factor for scour slope, and aspect ratio.
3 EXPERIMENTAL SETUP AND
PROCEDURES

3.1 Experimental Facilities and
Instrumentation
The experiments were carried out in a rectangular glass-sided
flume with a length, width, and depth of 60, 3, and 1.5 m,
respectively. It is located at Shandong Provincial Key Laboratory
of Ocean Engineering, Ocean University of China, China.
Computer-controlled recycling pumps are installed in the
flume to control the water flow accurately. A sand barrier and
perforated plates are used in the rear section of the flume to trap
the bedload sediment. The suspended sediment is recycled with
the water by pumps. For experiments under the live-bed
condition, the velocity intensity (U / Uc) is marginally higher
than one, and highly marginal global scour occurs. The
maximum bed variation rate in the inlet of sand recession is
determined experimentally to be approximately 0.3 mm/h.
Therefore, sediments are added manually every 0.5 h in the
inlet of the sand recession to diminish the impact of global scour.

The flume is equipped with a 12-m-long recess that is filled
with sediment of uniform thickness (0.3 m). The sand bed recess
is located 25.5 m downstream of the flume inlet. The test models
are installed in the middle of the sediment recess 30.5 m
June 2022 | Volume 9 | Article 910723
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downstream of the flume inlet. Both sides of the recess have a
slope of 1:20 and a 1.5-m connection flat. To utilize the wide
flume fully, glass partitions are used to separate the flume to
conduct two experiments simultaneously (see Figure 1).

The flow depth is maintained at 0.30 m for all the
experiments. NorTek acoustic Doppler velocity (ADV) probes
are installed on both sides to measure the velocity. During the
tests, two ADVs are placed 1 m upstream from the model to
measure the average velocity and ensure that the experimental
condition remains unaltered. The two ADVs are also used to
measure scour depth with a precision of 0.1 mm. Cohesionless
uniform sediment is used as bed material, with a median particle
size (D50) of 0.66 mm, no-ripple forming in clear-water
conditions, and geometric SD of particles sg of 1.33, no
armoring layer, critical shear velocity qc) of 0.03, and critical
flow velocity (Uc) of 0.32 m/s. This has also been demonstrated
by a sand-entrainment experiment wherein the current velocity
was improved gradually.

The velocity intensities in the present experiments are 0.98,
1.09, and 1.23. The detailed experimental conditions and results
are presented in Table 1. The maximum model-width nDp or De

is close to 7% of the flume width to prevent contraction effects
(Raudkivi and Ettema, 1983; Melville and Sutherland, 1988;
Melville and Chiew, 1999). The ratio of flume width to water
depth (B / d) is close to five (Lança et al., 2013). This ensures that
Frontiers in Marine Science | www.frontiersin.org 5
the effects of the wall and the cross-sectional shape are negligible
and that the approaching velocity field is two-dimensional at the
central section of the channel. The pile-group model is arranged
2 × 2 with Dp = 0.05 m in all the experiments. The pile spacing is
maintained constant (S / Dp = 2) for all the experiments. The
experimental durations (T) in the clear-water region are
maintained at 4–7 h for most of the experiments. Each
experiment requires 15.5 h to verify the time factor. The
experimental durations for the live-bed condition are 4–7 h.
The durations are considered adequate because scour in the live-
bed condition is significantly faster than that in clear-
water conditions.

3.2 Experimental Procedures
A stringent procedure is followed throughout the tests to ensure
the authenticity of experimental results and exclude the effects of
various parameters on the equilibrium scour depth and rate of
scour. The experimental procedure is outlined below.

Pre-experiment:

1. Level the sand bed and arrange the model in the flume.

2. Fill the flume gradually and permit the standing until the air
trapped in the sand has been expelled. This procedure
generally requires at least 2–3 h for an observation of the
sand condition through the glass sidewall.
A

B

FIGURE 1 | Side view of the flume (A) and top view of sand recession (B).
June 2022 | Volume 9 | Article 910723
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3. Examine the instrumentation.

4. Monitor the bedforms during the live-bed experiments.

5. Monitor the ripple development, drain the flume, and relevel
the bed every 1 h in the live-bed scour conditions to prevent
ripples in front of the model that would affect the scour
program around the models.

During the experiment:

1. Gradually increase the flow velocity of the flume to prevent
abrupt variation in the pump rotation rate, which may cause
an abrupt increase in velocity.

2. Measure the temporal development of scour with ADV,
underwater cameras, and scale paper.

3. Measure the velocity, water depth, and temperature.

Post-experiment:

1. Gradually decrease the flow velocity to zero and measure the
topography with ADV.

2. Gradually drain the flume to prevent damage to the
topography.

3. Observe and record the bed condition throughout the flume.

4. Survey the topography through measuring tapes as an
additional survey of the bling area for ADV.

5. Examine and analyze the experimental data.
4 RESULTS AND DISCUSSION

4.1 Temporal Development of the Scour
Depth
The temporal developments of the maximum scour depth
around submerged pile groups are illustrated in Figure 2.

The maximum scour depth increases with the increase in pile
height for all the velocity intensities. The non-submerged pile groups
are of the largest scour depth under an identical approach velocity.
The difference is marginal in the starting stage. The difference
Frontiers in Marine Science | www.frontiersin.org 6
increases with the development of the scour hole. This can explain
the development of the size of the horseshoe vortex. The pile height
would gradually affect the scour process and the development of the
horseshoe vortex. Finally, this effect would limit the increasing
horseshoe vortex and lead to a smaller scour depth.

Under the live-bed condition, the maximum scouring depth
oscillates in several cases. It should be noted that no ripples enter
the scouring hole during this process. Hence, the oscillating
depth varies highly marginally. In most cases, it is smaller than
0.1 cm. For an identical approach velocity, the smaller the pile
height, the less is the time in which it oscillates and attains a
quasi-equilibrium state. For an identical pile height, the scouring
rate increases with the velocity intensity. This is in accordance
with the live-bed experiments of Zhao et al. (2010) and Yao et al.
(2018). Moreover, velocity intensity = 0.98, and (H/Dp)cr≈5((H/
De)cr≈3) , which is similar to Yao et al. (2018). However, (H / Dp)
cr increases with the increase in velocity intensity. For velocity
intensity = 0.98, the scour process of Case 5 (H / Dp = 5.06) and
Case 6 (H / Dp = 6) nearly coincide with each other. However, the
difference between the two largest pile groups increases for larger
velocity intensities. Apparently, (H / Dp)cr is related to the
velocity intensity in the live-bed scour around pile groups.
However, there is a larger difference. The pile-group effect
results in an increase in the equivalent diameter of pile groups.
Hence, the equivalent aspect ratio should be between three and
five. Thus, in this case, (H/Dp)cr≈0(3−5) or (H/De)cr≈0(2−3).

4.2 Time Factor for Maximum Scour Depth
4.2.1 Proposal of Time Factor for Scour Depth
Around Pile Groups
The time factor (Kt) is important for making the experimental
results comparable with results in the literature. It is also crucial
for predicting the scour process.

The time factor is defined as

Kt =
Dst

Dse
(23)
TABLE 1 | Experimental conditions and results.

Case d(cm) U
Uc

H(cm) H
Dp

H
d

T(h) Ds,end(cm) Drear,end(cm)

1 30 0.98 4 0.80 0.13 4.5 5.9
2 30 0.98 8.5 1.70 0.28 5.0 7.5
3 30 0.98 14.7 2.94 0.49 5.0 7.9
4 30 0.98 22.5 4.50 0.75 5.0 9.0
5 30 0.98 25.3 5.06 0.84 4.5 8.7
6 30 0.98 30 6.00 1.00 15.5 10.9
7 30 1.09 5.3 1.06 0.18 6 7.7 4.9
8 30 1.09 13 2.60 0.43 7.0 9.5 7.8
9 30 1.09 23 4.60 0.77 7.0 10.2 9.2
10 30 1.09 27 5.40 0.90 7.0 10.0 9
11 30 1.09 30 6.00 1.00 7.0 11 9.7
12 30 1.23 5.3 1.06 0.18 4.5 7.3 5.1
13 30 1.23 13 2.60 0.43 6.0 10.2 7.8
14 30 1.23 23 4.60 0.77 5.5 11.2 10.1
15 30 1.23 27 5.40 0.90 4.0 11.1 10.2
16 30 1.23 30 6.00 1.00 4.0 11.4 10.1
Ju
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The results of the present work are extrapolated to the final
equilibrium state using an improved method by Franzetti et al.
(1982). De for unsubmerged pile groups is calculated based on
the procedure of HEC-18 (Arneson et al., 2012). An additional
term (H / d) representing the effect of pile height is added to De

for submerged pile groups (Eq. 27). Aspect ratio is not selected
because it would eliminate pile diameter from De.

De for unsubmerged pile groups is calculated using the
procedure of HEC-18:

De = nKspKmDp (24)

Ksp = 1 −
4
3

1 −
1
n

� �
1 −

S
Dp

 !−0:6" #
(25)

Km = 0:9 + 0:1m

− 0:0714 m − 1ð Þ 2:4 − 1:1
S
Dp

 !
+ 0:1

S
Dp

 !2" #
(26)

The following is the present procedure for calculating De in
submerged conditions:

De = nKspKmDp
H
d

(27)
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For the clear-water condition:

Kt =   1 − exp −0:028 Ut=Deð Þa2ð Þ (28)

a2 = 0:33 e 0:36 (29)

For the live-bed condition:

a2 = 0:35 e 0:40 (30)

For comparison, a method proposed by Briaud et al. (1999)
(Eq. 31) was also used to extrapolate the live-bed experimental
data in the present work (Cases 7–16). It has been adopted widely
to extrapolate live-bed scour depth (Zhao et al., 2010; Zhao et al.,
2012; Yao et al., 2018; Yang et al., 2021).

Kt =
t

t + T0
(31)

where T0 is the dimensionless time. Extrapolated results by the
two methods in the present work are presented in detail in
Table 2. T0 is no longer constant in Table 2. Eqs. 25–30 are
considered to constitute a better method. The reasons are
the following.

First, the new method (Eq. 25~30) considers the pile spacing,
pile arrangement, and aspect ratio, whereas Eq. 31 was originally
designed for non-submerged single piles. Second, for a
submerged pile, T0 should increase with the increase in pile
height because a higher pile results in a larger scour depth and
FIGURE 2 | Temporal development of maximum scour depth around pile groups in the present experiments (H = 30 cm represents the non-submerged pile groups).
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longer time to attain an equilibrium state. However, this trend
does not appear in the present work. Finally, Dse fitted by Eq. 31
is occasionally smaller than the scour depth at the end
of experiments.

Table 2 shows that for a given velocity intensity, a2 increases
with the increase in pile height in the live-bed condition. This can
be explained by the relationship between scouring rate and pile
height. A larger pile height results in a larger scour depth and a
longer time to attain the equilibrium scour stage. An analysis of
Eq. 28 reveals that a2 is positively correlated with Kt.
Furthermore, De has a negative relationship with Kt. Thus, a2
has a smaller effect on the scouring rate compared with De in the
present work because the range of a2 is significantly smaller.
Another important conclusion from Table 2 is that a2 increases
with the increase in velocity intensity. This implies that a larger
velocity intensity results in a higher scouring rate and a shorter
time to attain an equilibrium state.

Eq. 32 is derived from the above dimensionless analysis:

a2 = j
U
Uc

;  
H
Dp

 !
(32)

A multivariable linear regression method was applied to derive
the above relationship (R2 = 0.935). Only live-bed experiment
data are displayed here:

a2 = 0:067
U
Uc

+ 0:0105  
H
Dp

+ 0:256       R2  =  0:935
� �

(33)

4.2.2 Verification of the Proposed Time Factor
Experimental data from the literature are gathered to help
improve the above time factor.

4.2.2.1 Clear-Water Local Scour
Experimental data fromAmini et al. (2012) and Galan et al. (2018)
were used to verify the present method because of the deficiency of
Frontiers in Marine Science | www.frontiersin.org 8
long-duration scouring experimental data of submerged pile
groups. Only a part of the experimental data of Amini et al.
(2012) were considered to verify the above method because only
those three experiments have a longer duration (24 h). These are
marked as Amin-0.38, Amin-0.79, and Amin-1. Their submerged
ratios (H / d) are 0.38, 0.79, and 1, respectively. The coefficients are
presented in detail in Table 2. It should be noted that the
experiments are conducted in a shallow flow region. Because the
ratio of water depth to equivalent pile diameter is d / nDp~2.2 < 3,
the water depth would affect the scour depth because the
development of the horseshoe vortex is restricted. The temporal
developments of submerged pile groups in Amini et al. (2012) are
presented in Figure 3. It can be concluded from the fitting curve
and experimental data that the pile height affected the scour
development in the flow shallowness region. The shallowness
effect became significant with the increase in pile height. The
proposed method shows the largest deviation for H / Dp = 1 (non-
submerged pile groups). Thus, the present work cannot be applied
in shallow water flow regions.

The trend wherein a2 increases with the increase in pile height
is in accordance with the present work. However, a2 is
significantly smaller in the present work. This is owing to the
effect of flow shallowness [similar to the work of Amini et al.
(2012)]. The horseshoe vortex is restricted by the increase in flow
shallowness (decrease in flow depth). This causes the scour rate
to decrease. The smaller scour rate also implies a smaller a2.

4.2.2.2 Live-Bed Verification
The data of Yao et al. (2018) were adopted to verify the proposed
method because of the deficiency of data on live-bed scour
around pile groups. As briefly described in the Introduction,
several experiments in Table 1 of Yao et al. (2018) were selected.
These include tests 10, 11, 14, 16, and 17. The corresponding
values of H / D are 0.6, 0.8, 3, 5, and 7, respectively. The velocity
intensity of the selected tests is constant (1.55). The fitted curve
and experimental data are plotted in Figure 4.
TABLE 2 | Coefficients used in the present work and Amini et al. (2012).

Case Dse(cm) a1 De(cm) a2 Dse,B(cm) T0

1 6.4 0.028 1.09 0.333 6.5 0.52
2 8.8 0.028 2.31 0.34 8.4 0.56
3 9.3 0.028 4.00 0.35 8.7 0.6
4 11.0 0.028 6.13 0.36 9.8 0.52
5 12.9 0.028 6.89 0.33 9.6 0.52
6 13.0 0.028 8.17 0.333 10.6 0.6
7 7.9 0.028 1.44 0.35 8.3 0.45
8 10.5 0.028 3.54 0.35 9.2 0.5
9 10.7 0.028 6.26 0.37 10.2 0.25
10 10.8 0.028 7.35 0.39 10.4 0.3
11 11.5 0.028 8.17 0.39 11.4 0.50
12 8.1 0.028 1.44 0.345 7.7 0.20
13 10.8 0.028 3.54 0.36 10.8 0.50
14 11.8 0.028 6.26 0.39 11.5 0.256
15 12.0 0.028 7.35 0.395 11.7 0.313
16 12.5 0.028 8.17 0.40 12.4 0.353
Amin-0.38 9.7 0.028 3.72 0.35
Amini-0.79 12.9 0.028 7.74 0.36
Amini-1 13.5 0.028 9.80 0.37
June
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It can be concluded from Figure 4 that this new method is
effective for submerged pile and submerged pile-group scour in live-
bed scour. Thus, the method is effective for submerged structures in
both clear-water and live-bed conditions.
Frontiers in Marine Science | www.frontiersin.org 9
4.2.3 Maximum Scour Depth
As the new method proposed in the present work displays good
performance in both live-bed and clear-water scour, it is adopted as
the extrapolation method for the present experiments. The fitting
curve of the new method and experimental data are plotted
in Figure 5 (U / Uc = 0.98), Figure 6 (U / Uc = 1.09), and
Figure 7 (U / Uc = 1.23). In addition, the ratios of the rear pile to
the front pile (Ds,rear / Ds) are presented in Figures 6 and 7.

Figures 5–7 show that the scour depth of front piles is larger
than that of the rear pile at a given time t for all approaching
velocities and pile heights. The ratios of the rear pile to the front
pile (Ds,rear / Ds ) reduce with the increase in pile height. The
ratios are related to the pile height or velocity intensity. For H =
June 2022 | Volume 9 | Article 910
FIGURE 3 | Temporal development of scour in Amini et al. (2012). Experimental data of Galan et al. (2018) were also presented (n = 2) in Table 3 as additional details.
FIGURE 4 | Variation of scouring depth with time (symbols, experimental data of Yao et al. (2018); dashed lines, fitting curve by Eq. 30~31).
TABLE 3 | Values of a2 in the work of Galan et al. (2018).

No. d
nDp

U
Uc

H
Dp

a2

25 2.2 0.94 0.33 0.29
26 2.2 0.94 0.67 0.295
27 2.2 0.94 1.00 0.295
28 2.2 0.94 1.33 0.30
29 2.2 0.94 1.67 0.29
30 2.2 0.94 2.00 0.33
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5.3 cm, this ratio varies rapidly from O(0.9) to O(0.65). This can
be attributed to the different scour mechanics. The scour of the
front pile results from the reverse pressure gradient and the
horseshoe vortex. However, the scour mechanics of the rear pile
depends on the pile spacing. In the present work, the pile spacing
is 2Dp, which is in the transition region (Sumer and Fredsøe,
2002). With different flow velocities, it may be in alternate
reattachment or quasi-steady reattachment. This implies that
no horseshoe vortex is formed in front of the rear pile. The scour
of the rear pile is dependent completely on the wake shedding of
the front pile. The larger height of the front pile results in strong
wake shedding and a larger scour depth of the rear pile.

An analysis ofDs,rear / Ds reveals that the front pile first attains
the quasi-equilibrium scour stage. Then, the sediment transport
weakens, and an inadequate amount of sediments is transported
from the front pile. Subsequently, the scour around the rear pile
attains its equilibrium scour stage. For the first 15 min, sediment
transport is sufficiently strong to cause sheet flow around the
front pile. The sediment area is transported with the vortex and
then deposited in the rear pile. However, this phenomenon
disappears rapidly with the increase of the scour hole of the
front pile and a decrease in the scour rate. This phenomenon was
also observed by Yang et al. (2021).

It can be concluded from the above information that the
marginal delay in the development of the rear pile compared
with that of the front pile occurs because the erosive sediments
from the front pile are transported to the rear pile and the
sheltering effect reduces the erosion from the rear pile. Thus, the
sheltering effect and slower development result in a smaller scour
depth. The backfilling is attributed to the sediment’s movements.

The scour depth increases with the increase in velocity intensity
under the clear-water condition. This is consistent with the trend of
single piles (Melville and Sutherland, 1988). However, there is a
substantial difference from the phenomena in previous research.
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The maximum scour depth occurs at the threshold velocity.
However, it decreases rapidly when U / Uc = 1.09. This trend
reverses again when U / Uc = 1.23. For single piles, the minimum
scour depth in live bed generally occurs when U / Uc ~ O(1.3–1.7).
This is also different from a research of Yang et al. (2020), wherein
the scour depth increased continuously with the velocity intensity in
the live-bed condition. It is necessary to recall that the live-bed
condition of Yang et al. (2020) is inferred from the
experimental conditions.
4.3 Effect of Aspect Ratio
The pile height here is non-dimensional, similar to the aspect
ratio. Kh is defined as

Kh =
Dse

Dse,∞
(34)

Here,Dse,∞ is the equilibrium scour depth of pile groups withH =
30 cm (non-submerged pile groups). Cases 1–6 (U / Uc = 0.98,
clear-water conditions) are plotted in Figure 8. Cases 7–16 (live-
bed condition) are plotted in Figure 9.

With regard to scour around pile groups under clear-water
conditions, Eq. 6 is considered suitable in this section. However,
the experiments of Amini et al. (2012) were conducted in a
shallow water region. b is considered to be 1.0.

In the live-bed condition, the experimentally determined Kh is
significantly larger than the values in the equations proposed for
scour under the clear-water condition. Eq. 8 (Yao et al., 2018)
performs better than experimental data because it is determined
for live-bed scour without the influence of water depth. Thus, b is
related to velocity intensity.

Eq. 35 is derived using the detailed values of Kh in the present
work. The experimental data and fitting curve are plotted in
Figure 10.
FIGURE 5 | Temporal development of Ds; dashed lines, fitting curving by Eq. 29.
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FIGURE 6 | Temporal development of scour depth around front pile and rear pile (U / Uc = 1.1).
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FIGURE 7 | Temporal development of scour depth around front pile and rear pile (U / Uc = 1.23).
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FIGURE 8 | Kh values of the present experiments compared with equations from literature.
FIGURE 9 | Kh values of the present experiments compared with equations from literature.
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b = 2:665 − 0:827
U
Uc

,           1:0 <
U
Uc

< 2:0 (35)

The present fitting has a limitation wherein the velocity intensity
should be 1.0 < U / Uc < 2.0. Eq. 35 is suitable for both pier and
pile groups. However, it cannot be applied to scour under
shallow water flow.

4.4 Scour Area and Scour Volume
Scour depth has been studied as a key scour feature by many
research studies. However, the maximum scour depth by itself is
insufficient to describe the scour characteristics comprehensively.
Scour area and volume have significance in engineering because
these can determine the riprapping and dredging workloads. Scour
area and scour volume are defined as follows:

As = ∯ dx dy (36)

Vs = ∯ Ds x, yð Þdx dy (37)

The slope angles of the present experiments are in the range
of 32°–34°. This is significantly close to the angle of repose
determined by experiments. Thus, the slope angle can be
considered to be equal to the angle of repose in the present
work. This phenomenon has been observed and studied by many
researchers (Cheng and Zhao, 2017; Du and Liang, 2019).

Because the slope angle of the present work is equal to the
angle of response, the equilibrium scour topography should be
similar to the scour topography at the end time. Thus,
Ast∝Dst2 andVst∝Dst3 . The two coefficients KA and KV are
the correction factors. Because the equilibrium scour topography
is similar to the scour topography at the end time, KA and KV are
constant for given velocity intensity and height of pile groups.

Ase = KA Deð Þ2 (38)
Frontiers in Marine Science | www.frontiersin.org 14
Vse = KV Deð Þ3 (39)

Because Ds,end for clear water is less than Dse, the equilibrium
scour topography may be not similar to that at the end time. This
implies that KA and KV may vary significantly. The calculation
method of the present work may cause a large deviation, whereas
the Ds,end in the live-bed condition is only marginally less than
Dse. It can be considered similar to the scour topography at the
end time. Therefore, the methods in the present work are applied
only to the live-bed experiments.

The calculated Ase and Dse are presented in detail in Table 4.

KA =
Ase

Deð Þ2 (40)

KV =
Vse

Deð Þ3 (41)

Because angle slopes are constant and equal to the angle of
response, q can be eliminated from Eqs. 21 and 22. These can be
removed. KA and VA are functions of velocity intensity and
aspect ratio in the present work, respectively.

KA = j
U
Uc

;
H
Dp

 !
(42)

VA = j
U
Uc

;
H
Dp

 !
(43)

Assume that KA and VA can be expressed as follows:

KA = a1
U
Uc

� �b1 H
Dp

 !c1

(44)
FIGURE 10 | Kh values of experimental data; dashed lines, fitting curve by Eq. 35.
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VA = a2
U
Uc

� �b2 H
Dp

 !c2

(45)

With the use of data in Table 4,

KA = 503:6
U
Uc

� �1:243 H
Dp

 !−1:667

,  with      R2 = 0:95 (46)
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VA = 894:3
U
Uc

� �5:542 H
Dp

 !−2:955

,   with      R2 = 0:89 (47)

where comparisons of measured Ase and Vse with calculated Ase

and Vse are presented in Figure 11.
FIGURE 11 | Comparison between observed and calculated value: (A) Ase; (B) Vse.
TABLE 4 | Calculated scour area and scour volume of the present experiments.

Case. Ds,end

(cm)
Dse

(cm)
Ds,end

Dse

As,end

(cm2)
Ase

(cm2)
Vs,end (cm

3) Vse

(cm3)

7 7.7 7.9 0.97 1,000 1,053 3,340 3,607
8 9.5 10.5 0.90 1,355 1,655 5,510 7,440
9 10.2 10.7 0.95 1,600 1,760 7,090 8,185
10 10.0 10.8 0.93 1,570 1,832 8,040 10,130
11 11 11.5 0.96 2,110 2,306 9,780 11,175
12 7.3 8.1 0.90 997 1,230 5,190 7,090
13 10.2 10.8 0.94 1,570 1,760 6,360 7,550
14 11.2 11.8 0.95 1,800 2,000 9,114 10,660
15 11.1 12.0 0.93 2,137 2,500 9,519 12,030
16 11.4 12.5 0.91 2,164 2,602 9,875 13,018
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5 CONCLUSIONS

The present study focuses on the effect of the aspect ratio and
velocity intensity of scour around pile groups. Experiments were
conducted in a wide flume, with uniform and cohesionless sand as
the bed material. A time factor for both clear-water and live-bed
scour around submerged pile groups was determined based on the
present experiments. Then, this new time factor is verified by data
from the literature, showing a good performance. The scour depth,
area, and volume were calculated using this new time factor.

The following conclusions can be drawn from the
previous discussion.

A time factor for submerged pile groups is proposed based on
the present experiments. It has been verified by experiments in
the literature and shows good performance in predicting the
equilibrium scour depth for both single pile and pile groups
under clear-water and live-bed conditions.

The Dse in the live-bed condition is smaller than the Dse under
the threshold velocity intensity in the present work. However, the
turning point is significantly smaller than that for a single pile.
The turning point is close to 1.1 in the present study.

The Kh in previous studies for submerged structures was
corrected, showing that it performs better for scour in the live-
bed condition.

Empirical relationships are obtained to predict the
equilibrium scour area and volume around submerged pile
groups. Both the prediction equations are effective in the
present work.
Frontiers in Marine Science | www.frontiersin.org 16
It should be noted that the present conclusion can only be
reliable in deep-water regions (d / De > 3). The present time factor
is available forU / Uc < 2; more experiments are needed to expand
the range of velocity intensity.
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