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Abstract: Local scour around submerged piles in currents are common in coastal and offshore
engineering. This paper studies the influences of the submergence ratio (flow depth to pile height) on
local scour around a square pile in steady flow. Submergence ratio ranging from 14, as well as two
unsubmerged tests, were tested with a 10 x 10 square pile of 20 cm height. The three-dimensional
profiles were measured to study the scour and deposition characteristics. Results show that the
maximum scour depth was always at the upstream corner points rather than at the symmetry center
point of the pile. The temporal maximum scour depth achieved its equilibrium sate in less than 4 h
for each test. The equilibrium scour depths at the upstream corner points were independent of the
submergence ratio when the latter was larger than 1.5. These findings give meaningful reference to
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the numerical simulations and local scour depth protections in the submerged pile cases deeper than
which the flow depth does not affect the equilibrium scour depth.
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1. Introduction

In coastal and offshore engineering, local scour induced by currents threatens the
stability of structures. Numerous researchers have focused on the local scour of unsub-
merged circular piles [1-5], but studies on submerged square piles are few. The submerged
vertical square piles represent a range of sub-sea structures, such as caissons, manifolds

and pipeline foundations in oil and gas explorations [6]. It is known that the flow depth (h)
to pile height (i) ratio (h/h.) has a potential effect on the mean and turbulent bulk statistics
at the upstream and downstream of a submerged cube [7]. According to the experimental
tests in Shamloo et al. [8], the ratio of flow depth to hemisphere height affected the flow
patterns; as a result, the sediment scour and sand dunes around the hemispheres were
quite different with these various ratios. Therefore, the submergence ratio of /1/h. plays an
important role in the characteristics of local scour.

The strong, nonlinearly complex interactions of fluid, pile and sediments induced by
the flow turbulence of the horseshoe vortex, flow accelerations and wake vortices around
the pile are the mechanisms of local scour [9]. In addition to the experimental methods in
studying the mechanisms and characteristics of local scour that were conducted by [1-9],
recently, Baykal et al. [10] studied the bed shear stress induced by these three phenomena
in waves and currents numerically. Specifically, they found that in accordance with the
current conditions alone, the horseshoe vortex underwent substantial changes in waves
Attribution (CC BY) license (https://  depending on the Keulegan—Carpenter number. Afzal et al. [11], Gazi and Afzal [12] and
creativecommons.org/licenses /by / Gautam et al. [13] applied the Level-Set method to a three-dimensional computational
40/). fluid dynamics model to study the formation process of vortices around the pier in waves,
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currents or combined waves and currents. While Liang et al. [3], Yang et al. [4], Yao et al. [7]
and Roulund et al. [9], obtained the equilibrium scour depth by adapting the temporal
scour depth data to curves, Cheng et al. [14], Gazi and Afzal [15] and Gazi et al. [16] derived
the equilibrium scour depth equations on the concept of the volume of sediment transport
and flow turbulence energy through mathematical analysis methods.

A few studies have discussed the effects of pile heights on local scour in fixed flow
depths in submerged conditions. Dey et al. [17] conducted experimental tests to study local
scour around submerged circular piles. A coefficient that represents the ratio of equilibrium
scour depth of a submerged cylinder to that of an unsubmerged cylinder with the same
diameter was proposed. Zhao et al. [18] simulated the flow fields with a finite element
numerical model and found that the near bed shear stress of the higher pile was related
to a larger and wider horseshoe vortex. Based on the pile Reynolds number, Euler and
Herget [19] estimated the equilibrium scour depth with flow depth ranging from 2.1 cm to
10.1 cm. Later, Zhao et al. [20] experimentally studied rectangular and square piles with
the pile height to width (D) ratios of 0.25 to 1.0. They found that the equilibrium scour
depth increased with the increasing pile height in submerged conditions. Yao et al. [6]
designed a wide range of h./D < 1 for both circular and square piles, most of which were
experimented upon from nearly live-bed scour to sheet flow conditions. Their results show
that the equilibrium scour depth reduced with the flow depth to pile width (/D) when
h/D < 4.

However, these above studies, in which the pile height and flow depth were variable
and constant values, respectively, probably cannot reflect the real effects of flow depth
on local scour, because the scour depth increased significantly with the increasing pile
height [21]. For these reasons, this paper aims to study the influences of flow depth on local
scour at a submerged square pile in clear-water scour conditions with various flow depths.
The focus is on the temporal scour depth, the equilibrium scour depth and bed profiles.

2. Methodology
2.1. Temporal and Equilibrium Scour Depth Predictions

The bed shear stress (1p) is the frictional force exerted on a unit area of the bed by the
current flowing over it [22]. It is made up from contributions due to the skin friction, the
form drags and a sediment transport. The critical shear stress (7;) is the minimum shear
stress to induce a sediment incipient motion at the bed. In a flat bed, the dimensionless
shear stress is equal to Shields number (8), which is caused by the skin friction when the bed
is immobile. As the bed shear stress is related to the depth averaged flow velocity (U), the
square root of Shields number to critical Shields number (f,), i.e., (6/ GCI)O‘S, was considered
to be flow intensity [2]. These relationships were in the following Equations (1)—(3):

9 = pCpll’ §
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0.30
fer = 11 5 T 0-055(1 —exp(~0.02D,) 3)
where p is water density, Cp= [W]Z is the coefficient, ¥ = 0.4 is von Karman'’s

constant, z is the roughness height due to skin friction, ps is sediment density, g is accel-
eration due to gravity, dsy is median sediment particle size, D, = [g(s — 1)/ 1/2]1/30150 is
non-dimensional sediment particle size, v is kinematic viscosity of water, s = p;/p is the
specific gravity of sediments.

For unsubmerged piles, Equation (4) is widely used in predicting temporal scour
depth ds(t) at time ¢ [2,4,6]:

ds(t) = dse[l — exp(—t/T)] (4)
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where ds(t) and the equilibrium scour depth ds. were measured at the upstream symmetry
— D?
(s *1)‘120]0'5
non-dimensional time scale proposed by Sumer et al. [23], J is boundary layer thickness.
It is apparent that Equation (4) cannot estimate the equilibrium scour depth without
conducting a scouring test. Thus, an empirical formula from Melville [1] was modified to
adapt to the cases in submerged square piles. On one hand, because the maximum scour
depths were located at Ky, for square piles [24], a submergence factor Kj,;,_ that represents
the flow depth influence on equilibrium scour depth was introduced into the empirical
formula. As seen in Equation (5), a new factor of K},  was added to the equation from [1].

. . . % s . * ) 22
center point for circular piles, T T* is time scale, T* = xy5p0s ~* is a

dse = Kyn KnpK K4KsKaKg ®)

where Ky, is the factor for submergence, K, is the flow intensity factor in submerged
square piles, K; is the sediment size factor, K; is the pile shape factor, K, is the factor for
flow attacking angle, K¢ is the factor for the channel geometry.

2.2. Experiments Setups

Experiments were conducted in the Hydraulic Modeling Laboratory at ShanDong Jiao-
Tong University, China. The flume was 60 m long, 1.2 m wide and 1.5 m deep. The test section
was located in the middle of the flume, as shown in Figure 1a. Water was pumped from left to
right and was circled by a pipe outside of the flume. The sand bed was 8.4 m long, 1.2 m wide
and 0.2 m height. Scour depths at upstream corner points (Ky, i.e.,, x/D = —0.5,y/D = £0.5),
upstream symmetry center point (K¢, ie.,, x/D = —0.5,y/D = 0), as shown in Figure 1b,
were observed with scouring time, respectively. The medium grain size of sand was
0.65 mm and the geometric standard deviation oy = (dgs/ d15) was 1.27. The specific
gravity of sediment grain density is 2.65 and the porosity is 0.4. Calculated with equa-
tion tan(ay) = O.74dg'(§)5 from Cheng and Zhao [25], the angle of static repose a; was 36°
under water.

®) o
@ Water surface Ky Pile
J - Flow
Flow = P — - x
Inlel — A ‘ Outlet .
e A L L B 5 : : f'f“lMMM'M‘HHH T I:Jl _’ Kc/ °
J‘—24‘4'—124—12%—36%—244—24#124—124—2284

Figure 1. Test flume and coordinate system modified from Du and Liang [24], unit: m, (a) Side view
of the flume, (b) Sketch view of Ky and K¢ points.

Both of the flow velocity and scour depth were measured by using a Nortek Vectrino
II Acoustic Doppler Velocimeter (ADV) with their accuracies of £0.1 mm/s and 1 mm,
respectively. The flow velocity at each point was measured where the pile model would
be settled and was averaged for a period of 5 min, with a sampling frequency of 20 along
the flow depth. Scour depths at Ky and K¢ were measured by the distance function of the
ADV. The bed elevations were measured by a Seatek, which is a topographic measuring
instrument with 32 transducers, without draining out the water. The measuring accuracy
and diameter of each transducer were +0.1 mm and 1 cm, respectively.

Experimental tests are listed in Table 1. The depth averaged flow velocity (U) ranged
from 17.2 cm/s to 23.0 cm/s. The flow intensity (6/ Gcr) was kept at a constant value of
0.55. The Froude number (Fr = U/ \/7 ) and Reynolds number (Rep = UD/v) ranged
from 0.08-0.17 and 1.7 x 10%-2.3 x 10*, respectively. For unsubmerged cases of Test A1,
flow depth (1) was kept 10 cm. For submerged cases of Tests A3-A7, flow depth ranging
from 30 cm to 80 cm corresponded to the submergence of 11/l = 1 — 4. The transitional
flow depth in Test A2 was equal to the pile height. The scouring duration (t;) was 9 h.
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dyv and dc were scour depths at Ky and K¢, respectively, measured at the end of the
experiment ;.

Table 1. Tests for the influences of flow depths.

Test h (cm) hih, U (cm/s) Fr (0/0,)° tg (h) dpr(cm) dc(cm)
Al 10 0.5 17.2 0.17 0.55 9 2.1 0
A2 20 1.0 18.9 0.14 0.55 9 2.3 0.7
A3 30 15 20.0 0.12 0.55 9 2.8 1.2
A4 40 2.0 20.4 0.10 0.55 9 2.9 1.3
A5 50 25 21.6 0.10 0.55 9 2.8 1.7
A6 70 35 22,5 0.09 0.55 9 2.9 2.0
A7 80 4.0 23.0 0.08 0.55 9 2.9 22

3. Tests Results and Discussion
3.1. Temporal and Equilibrium Scour Depths

To study the influences of flow depth on local scour, unsubmerged (Test Al), transi-
tional Test A2 and submerged cases of Test A3-A7 were investigated. In the process of
these tests, scour depths at Ky; were observed much deeper than those at K¢ (see Table 1).
These differences are probably owed to the larger bed shear stress at Ky than at K¢, as
Roulund et al. [9] found that the bed shear stress at the upstream lateral side of the pile
was 7 times that of the symmetry upstream of the pile in a numerical simulation test with
the Froude number of 0.14. Thus, scour always started at the upstream corners of the pile
in clear-water scour conditions [20,24]. Because the scour depth evolution trends at Ky
and K¢ were similar, scour depths at Ky; were discussed as an example. As presented in
Figure 2a, each test was carried out for 9 h to get its equilibrium scour state at Ky;. The scour
depth evolution curves appeared to be asymptotic, i.e., scour depths increased rapidly in
the initial scouring phase, slowed down in the developing phase, and kept at a constant
value in the equilibrium scouring phase.

j J12
! Submerged
030 . 030F !
oA s 1.0
025 E 025 / )
o & —40.8
Q020 1 g 020 : S .
— < ' <
= 2 i o, 40.6 >
%20.15 E = 0.15F 3 ! B
g0 o~ Xa] Observed  Fitted
0.10 —1— Test Al A\ Test A2 ] 0.10 - GE) l ~ dyse ] —_ 104
Il ~O- TestA3  ~O- Test A4 S v d o
1% a9 TestAS5 - TestA6 2 0 Ce }
0.05 I s Test A7 B 005FD ! --» Predicted] 0.2
0.00 F & , ] P N R Py
0 5 10 0 1 2 3 4 5 610 100 1000
t (hour) hh,
(a) Temporal scour depths at Km (b) Equilibrium scour depths at Km and Kc

Figure 2. Scour depths of Tests A1-A7. dy;(t) is the scour depth at scouring time t at Kyy, dg is the
equilibrium scour depth at Ky (dne) or Kc (dce), Kpp, is the submergence factor on equilibrium scour
depths at Kyy.

In the first 10 min, the relative scour depths of the submerged tests (dy(t) /D = 0.2)
were about 2 times those of the unsubmerged case (dy(t) /D = 0.1). Moreover, the duration
of developing phase for Tests A3—A7 appeared to be much longer than the unsubmerged
case. The unsubmerged Tests Al and the transitional Test A2 reached their equilibrium
states within 1 h, whilst the submerged cases needed 2—4 h. Overall, the equilibrium
scour depths were a bit larger than those of the unsubmerged. It seems that the larger the
equilibrium scour depth was, the more scouring duration was required for the equilibrium
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state. It should be noted that the scour depth evolution of Test A5 was not observed
throughout the test. However, as the other tests all reached their equilibrium states in
4 h, the final scour depth of Test A5, which scoured for 9 h, was considered to achieve its
equilibrium state as well.

The equilibrium scour depths varied with the submergence ratios, as drawn in
Figure 2b. It can be seen that the relative equilibrium scour depth (dye/D) increased
with the submergence ratio (h/h.) when h/h. < 1.5. Once h/h, is larger than 1.5, the
relative equilibrium scour depth was nearly a constant value of 0.29, i.e., its effects on
dme/ D is little. This indicates that the bed shear stress induced by the flow accelerations
kept a constant value, as Zhao et al. [20] and Baykal et al. [21] found that scour at pile
upstream corners was mainly caused by the amplified shear stress that related to flow
accelerations. However, scour depth at K¢ was very different. As shown in Figure 2b,
the relative equilibrium scour depth (dce/ D) at K¢ of the unsubmerged Test A1 was zero,
whilst dyge / D was 0.21. With the increasing submergence ratio, dc. /D increased linearly
when Ii/h. < 4.0. These characters were the result of the increased relative boundary layer
thickness (6/D) and Rep that related to the strength of the horseshoe vortex upstream of
the pile [9,12].

The gap between dye/D and dce/D tended to decrease and disappear at about
h/h. = 5, indicating that the bed shear stress induced by the horseshoe vortex and flow
accelerations at K¢ and Ky [20], respectively, would not increase with flow depth when
h/he > 5. Two reasons might be responsible for this phenomenon. One was that there was
no bow wave that can reduce the upstream vortex in submerged pile conditions [17]. The
other was that the velocity and strength of vortex varied not largely when Rep> 10% [12].
Therefore, scour depth at K¢ was thought to increase little when h/h; > 5 in the sub-
merged tests.

As the equilibrium scour depth of dj;, was always larger than or equal to d¢,, the flow
accelerations at pile sides played more important roles in scouring for submerged square
piles. Thus, the relationships between the submergence factor of Ky, and equilibrium scour
depth for d s, was estimated (right longitudinal coordinates in Figure 2b). The submergence
factor of Ky, was set to be 1.0 when h/h. = 1.5, larger than which flow depth effects on
the equilibrium local scour depth could be ignored. When the pile was submerged in a
relatively shallow flow depth,i.e., 1 < h/h; < 1.5, the Kj,_ factor, as shown in Equation (6),
increased linearly with 11/h.. Therefore, the submergence ratio effects on the equilibrium
scour depth was obtained for Equation (5), which was based on the equation proposed by
Melville [1].

K. _ | 0dh/hc+04 , LO<h/h <15 ©)
Me = 10 , h/he >15

3.2. Bed Elevation Profiles

To describe the influences of flow depth on sand scour and deposition distributions,
examples of three-dimensional topographies, unsubmerged Test A1, transitional Test A2,
and submerged Tests A3 and A7, are presented in Figure 3a—d, respectively. They show that
the sizes of scour holes upstream and the heights of deposited sands in the lateral sides of
the unsubmerged case were much smaller than those of the submerged cases, respectively.
The significant erosion behind the pile in transitional Test A2, which was induced by the
mixing of separated flow from the top and the separated flow from the sides [8], was much
larger than the others. Because the angle of static repose under water is constant for the
sand, there is no doubt that a larger scour depth is related to a wider hole. As seen in
Figure 3, the scour hole diameters of Tests A1, A2, A3 and A7 were about 0.25D, 0.35D,
0.5D and 0.5D, respectively.
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Figure 3. Equilibrium state of topographies of Tests A1, A2, A3, and A7.

With the increasing flow depth, the two separate scour holes upstream extended from
upstream corners to the upstream symmetry center line gradually and the scour depth at
Kc became deeper simultaneously. These phenomena reflect that both of the depths and
sizes of scour holes were governed by the flow accelerations in submerged square piles.
Though the bed shear stress had not been measured in these tests, results simulated by
Tseng et al. [26] of a square pile show that the bed shear stress at upstream stream corners
was more than 4 times that along the upstream symmetry line, which can explain the scour
hole spreading process in this paper. With the scour hole depth increased, more sediments
were rolled up and transported by flow, resulting in higher and higher deposited sand
dunes on the lateral side. Moreover, these sand dunes accumulated with the scour process
going on and were moved to the downstream direction gradually by the combinations of
wake vortexes and flow.

4. Conclusions

This paper studied the influences of flow depth on local scour around a submerged
vertical square pile through experimental tests. Characteristics of sediment scour and
deposition were analyzed in various flow depths. The main conclusions can be drawn in
the following;:

(1) Scour depth at K¢ was much smaller than that at Ky; when the flow depth to pile
height ratio was less than 5. In particular, because of the low flow depth, which related
to a weak strength of horseshoe vortex, no sediment scour was found in front of the
pile in the unsubmerged test.
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(2) The scour depth and height of sediment depositions of the unsubmerged pile were
much smaller than those of the submerged cases, respectively. More scouring dura-
tions were needed to achieve the scour equilibrium state in the submerged cases than
the unsubmerged cases.

(3) Equilibrium scour depth at Ky; was independent of flow depth when the flow depth
to the pile height ratio was larger than 1.5, while the equilibrium scour depth at K¢
increased remarkably with this ratio and became independent of it when the ratio
exceeded 5.

(4) The two separate scour holes upstream of the pile were the results of flow accelerations
at the upstream pile corners. They were not connected until the flow depth to pile
height ratio was 1.5.
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