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Abstract: Previous experimental research on utilizing pier modifications as countermeasures against
local scour has focused primarily on circular pier. It is of utmost importance to further investigate
the most suitable pier shape for pier modification countermeasure separately and in combination.
This experimental study aims to reduce the stagnation of the flow and vortex formation in front
of the bridge pier by providing a collar, a hooked collar, a cable, and openings separately and in
combination around a suitable pier shape. Therefore, six different pier shapes were utilized to find
out the influence of pier shape on local scouring for a length–width ratio smaller than or equal to 3.
A plain octagonal shape was shown as having more satisfactory results in reducing scour compared
to other pier shapes. Furthermore, the efficiency of pier modification was then evaluated by testing
different combinations of collar, hooked collar, cable, and openings within the octagonal bridge pier,
which was compared to an unprotected octagonal pier without any modification. The results show
that by applying such modifications, the scour depth reduced significantly. The best combination was
found to be a hooked collar with cable and openings around an octagonal pier. It was revealed that the
best combination reduced almost 53% of scour depth, as compared to an unprotected octagonal pier.
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1. Introduction

The mechanism of scouring process around bridge piers in rivers is of great importance to
researchers in the field of hydraulic structures. The scouring process occurs because of the presence of
a complex vortex system. This system consists of horseshoe vortex, wake vortex, trailing vortex, and
bow wave vortex [1,2]. In recent years, several studies have been carried out to investigate the effect of
different factors on the formation of vortex systems around bridge piers. These factors can be divided
into three categories: (i) flow parameters, such as approach velocity and flow depth; (ii) sediment
parameters, such as median size, size distribution, and sediment density; and (iii) pier shape, type,
and dimension [3–8]. A key factor widely acknowledged as increasing the scour risk of bridges is pier
shape. Pier shape plays a vital role in the formation and the strength of the vortex system [7,9–13].
The shape of the pier embedded vertically at the riverbed greatly changes the flow structures, and one
can expect the large variations in the flow field due to different shapes of piers, and hence different
scour forms.

Experimental and computational research have significantly enhanced the understanding of the
local scour process around bridge piers by describing the underpinning science, particularly of the
vortex systems and scour patterns around circular and rectangular pier shapes [2,14–20]. Recently,
Manes and Brocchini [21] derived a new predictive formula to calculate the scour depth at piers, which
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merges the phenomenological theory of turbulence with empirical observations. On the contrary,
studies on local scour process on cohesive sediment beds investigating efficient pier geometry from
various pier shapes are rather inadequate (the most well-known being [7,13,22]). Nonetheless, a variety
of suitable bridge pier shapes have been suggested by different researchers [23,24], based on limited
experimental data. With the exception of a few aforementioned researchers, all others have chosen a
circular shape for pier scouring study. Therefore, it is of utmost importance to consider different types
of pier shapes and determine the most suitable pier geometry in terms of reducing scour. However,
researchers are unanimous in that pier geometry alone is not sufficient to protect bridge piers against
local scour [11,25–28].

Protecting measures in a pier against scouring will definitely decrease the likelihood of the
bridge failure. The countermeasures against pier scour are broadly classified into two categories:
bed-armoring countermeasures, and flow altering or pier modification countermeasures. The pier
modification countermeasures include the provision of collars, cables, opening slots, hooked collars,
etc. Collars of different shapes and varying thicknesses are practiced by many researchers around
the bridge piers as protective plates against sediment removal [11,26,29–33]. According to Alabi [34],
a collar that is thinner than 5 mm has no adverse effect on scour development. Zarrati et al. [4]
found that the optimum width of a collar is thrice that of the pier, in terms controlling erosion. Thus,
in the present study, the collar thickness of 5 mm and width of collar equal to three times that of
the pier, was kept for all the experiments. EL-Ghorab [27] proposed openings countermeasure at the
upstream side of a pier. These openings, starting from the upstream face of pier, continue transversely
to lateral sides and straight to the downstream side. In his experiments, opening sizes equal to 10%,
15%, and 20% at vertical spacing of 0.5, 1.0, and 1.5 times the pier width, respectively, were utilized.
He found that the opening size equal to 20% with vertical spacing 1.0 times the pier width was the best
in decreasing flow pressure, thereby reducing the scour. Dey et al. [35] suggested threading or openings
as an effective and easy-to-install countermeasure. Izadnia and Heidarpour [30] concluded that a
cable–pier ratio of 0.15 was the most effective to countermeasure and weaken the downward flow effect.
The provision of threading around a vertical pier is an economical technique used to minimize local
scour. Saadati et al. [36] employed a hooked collar to investigate its effectiveness on maximum scour
depth under clear water condition. Similarly, Chen et al. [37] evaluated the efficiency of hooked collars
by examining different hooked collar placements within the bridge piers, which were compared to
bridge piers without any collar. A hooked collar with a width of 1.25 b, a height of 0.25 b, and thickness
of 5 mm, where b is the pier width, was used in his experiments. He concluded that the placement of a
hooked collar at the bed level was efficient in reducing scour. Furthermore, the experiments conducted
by the aforementioned researchers guided the placements of pier modification countermeasures,
such as collars, cables, openings, and hooked collars, at piers for the present study.

However, a comprehensive review of pier modification countermeasures by Tafarojnoruz et al. [38]
indicated a low efficiency in specific conditions or serious problems in practical applications.
Tafarojnoruz et al. [39] noted that double-submerged vanes, bed sill, sacrificial piles, threading, collars,
and pier slot can reduce the maximum scour depth by up to 35% in the best configurations. On the basis
of these studies, a single pier modification countermeasure may not be adequate for pier scour reduction,
whereas combined countermeasures may result in improvement.

The current literature on scour at bridge piers includes a large quantity of experimental work
to understand the effect of pier shape on flow and scour. However, it has two key limitations when
examined, particularly in the context of its usefulness for pier modifications. First, previous research
has focused primarily on circular and rectangular piers, which are common in modern steel and
concrete bridges that constitute the highway network in most countries. Only a few researchers with
limited experimental data recommended the other pier geometries for scour reduction. Therefore,
further experimental investigations are required by considering various pier shapes available in the
literature to recommend the most suitable pier geometry in terms of reducing scour depth. Second,
previous research has not captured adequately the response of different pier modifications on suitable
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pier geometry, individually and in combination. Zaratti et al. [11] and Farooq et al. [40], whose
studies are the only few to consider the combined effect of modifications, used pier shapes other than
circular. Other studies have typically assumed that a circular shape is suitable for pier modifications,
for example Gaudio et al. [41], whereas, in practice, different pier modifications can be more effective
by applying suitable pier shapes.

The aim of the present experimental study is to address directly the aforementioned two limitations
and is thus novel in the following two aspects compared to previous experimental research. First,
it characterizes the scour effects when different sediment sizes are used in combination with various
pier shapes and modifications. Second, the most effective pier modification countermeasures available
in the literature are considered, then individual and combined effect are examined on the most suitable
pier geometry to experimentally derive the best combination. Lastly, previous studies have focused on
the maximum scour depth and have given less attention to evaluating the extent of scour and volume
of scour hole with pier modifications. This study is novel in its use of experimental data to derive a
relationship between scour volume and maximum scour depth. This is of practical importance because
bridge pier is known to increase the span-wise extent of scour in addition to increasing scour depth,
and hence helpful to calculate the maximum volume of the material required for filling scour holes in
post-flood remedial works.

2. Experimental Setup and Testing Procedure

2.1. Experimental Flume

All the experiments were performed in a smooth rectangular flume (20 m length, 1 m width,
and 0.75 m depth) equipped with a recirculating water facility. The rectangular flume had a straight
entrance, having a concrete base and side walls of 12 mm thick glass sheets. The flume was divided
into three sections: inlet, working segment in the middle, and outlet. The flow was allowed to pass
through the honeycomb placed at the inlet of the flume for obtaining smooth, fully-developed flow
conditions at the working section. The working segment consisted of a 6 m long and 0.3 m thick
layer of uniformly-graded fine sand material, in which the wooden pier was centered in the middle of
the sand bed. At the end of the channel, there was a rectangular gated weir, which controlled and
measured the discharge. For all experiments, the same flow conditions were maintained. Figure 1a,b
shows a sketch of the experimental setup.
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Figure 1. (a) Cross section of experimental rectangular flume, (b) Top view of experimental rectangular flume.
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2.2. Sediment Bed

Two different median sediment sizes (d50 = 0.71 mm and 0.98 mm) were used for all the experiments.
The geometric standard deviation of the particle size distribution, σg = (d84/d16)0.5, was 1.20 and 1.17
for the sediment sizes d50 = 0.71 mm and 0.98 mm, respectively (d84 and d16 being the sediment size for
which the mass of the sediments were finer at 84% and 16%, respectively). The computed geometric
standard deviation σg values of the two sediment beds were less than 1.3, which is the upper limit for
uniformly graded sediment [42]. Similarly, the specific gravity and friction angles were Sg = 2.66, 2.67,
and φs = 35◦, 36.5◦, for the sediment sizes d50 = 0.71 mm and 0.98 mm, respectively. Since Dp/d50 was
more than 50 (Dp/d50 = 70.4 and 140.8), with Dp being the pier diameter, the effect of sediment size on
the scour hole becomes negligible [43].

2.3. Flow Conditions

The flow discharge was selected in such a way that the normalized bed shear stress should not
exceed the critical value for the incipient sediment movement at the plane sand bed of mean grain size
(d50 = 0.71 mm and 0.98 mm). The experiments were conducted using a constant flow discharge of
0.075 m3/s. The flow depths df in these experiments were 23 and 25 cm, corresponding to Dp = 5 cm
and 10 cm, respectively, to neglect the flow shallowness effect, i.e., df/Dp ≥ 2.5 [44]. The Froude number(
Fr = U/

√
gh

)
varied from 0.19 to 0.22, where U is the approach flow velocity, g is the gravitational

constant, and h is the flow depth above the sediment bed. Table 1 presents the various flow parameters
related to the experiments.

Table 1. Flow parameters for sand bed.

Discharge,
(m3/s)

Flow
Depth,
df (m)

Median
Grain
Size,

d50 (m)

Approach
Flow

Velocity,
U (m/s)

Critical
Velocity,
Uc (m/s)

Critical
Shear

Velocity,
U*c (m/s)

Flow
Intensity,

U/Uc

Critical
Shields

Parameter

Reynolds
Number,

Uh/v

Froude
Number,

Fr

0.075 0.23 0.00071 0.33 0.487 0.026 0.62 0.058 75462 0.22

0.075 0.25 0.00098 0.30 0.491 0.027 0.67 0.046 74568 0.19

The flow intensity was maintained approximately as U/Uc = 0.9 (clear water condition) in all the
tests, where U is the approach flow velocity and Uc is the critical value for the inception of sediment
motion. The critical shear velocity U*

c for sediments used in the current study was determined using
the Shields diagram, as shown in Table 1. Critical velocity Uc in each experiment was calculated using
the logarithmic average velocity equation for a rough bed as follows [45,46]:

UC
U∗C

= 5.75log
(d f

ke

)
+ 6, (1)

where df is the flow depth and ‘ke = 2d50’ is the equivalent roughness height.

2.4. Pier Geometry

Six different pier shapes, with each shape comprising two different diameters (Dp = 5 and 10 cm),
were considered in the study, as shown in Table 2 where the associated values of Dp are summarized.
Experiments were performed in the rectangular flume using the different pier shapes, such as circular
(S1), rectangular (S2), rhombus (S3), sharp nose (S4), octagonal (S5), and elliptical (S6), to monitor the
scour mechanism, with an aspect ratio of smaller than or equal to 3 (aspect ratio is pier length/width),
under identical flow conditions. The ratio of channel width B to pier diameter, B/Dp, were 10 and 20
(see Table 3). The length of the pier L, except for the circular case, was kept at 15 cm for all different pier
diameter shapes. Contraction scour seemed absent, since no bed degradation was observed over the
contracted cross sections; this agreed well with Ballio et al. [47], who have suggested that contraction
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scour is negligible for B/Dp ≥ 10. Hence, it is safe to state that contraction effects were not present in
the current study.

Here, x, y, and z are the co-ordinates along transverse and bottom-normal to the flow, respectively.
Origin (0, 0, 0) is taken at the center of the pier at the centerline of the flume over the bed surface.
Geometric parameters of the six pier shapes (i.e., width, length, nose dimensions, etc.) are provided in
Supplementary Table S1.

Table 2. Tested pier shapes and schematic diagram of measuring points of scour holes.
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2.5. Pier Modification

Pier modification is very essential, as this component of bridge is directly affected by the scour
action during normal and flood seasons. In the current study, the most effective pier modifications
available in the literature, i.e., collar (Co), cable (Ca), openings (O) and hooked collar (H), were utilized.
The effect of pier modifications was analyzed separately and then in combination on the most suitable
pier geometry. The possible combinations of pier modification around the most suitable pier geometry
are openings with hooked collar (O-H), cable with hooked collar (Ca-H), openings with collar (O-Co),
cable with collar (Ca-Co), openings with cable (O-Ca), openings with cable and hooked collar (O-Ca-H),
and openings with cable and collar (O-Ca-Co). A schematic of pier modifications around an octagonal
pier is shown in Figure 2.

The following are the details of the pier configurations used in the current study:

â In all collar-pier experiments, the collar width was equal to thrice that of the pier, which
was maintained.

â In all cable-pier experiments, a cable diameter to pier-width ratio of 0.15 was used. The vertical
spacing between the cable loops was equal to the pier width, with each cable being parallel.

â In all openings-pier experiments, the diameter and vertical spacing of openings was 20% and
100% of the pier width, respectively.

â In all hooked collar experiments, a width of 1.25 Dp, a height of 0.25 Dp, and a thickness of 5 mm
was placed at the bed around the bridge pier.

Water 2019, 11, x FOR PEER REVIEW 6 of 21 

 

2.5. Pier Modification 

Pier modification is very essential, as this component of bridge is directly affected by the scour 
action during normal and flood seasons. In the current study, the most effective pier modifications 
available in the literature, i.e., collar (Co), cable (Ca), openings (O) and hooked collar (H), were utilized. 
The effect of pier modifications was analyzed separately and then in combination on the most suitable 
pier geometry. The possible combinations of pier modification around the most suitable pier 
geometry are openings with hooked collar (O-H), cable with hooked collar (Ca-H), openings with 
collar (O-Co), cable with collar (Ca-Co), openings with cable (O-Ca), openings with cable and hooked 
collar (O-Ca-H), and openings with cable and collar (O-Ca-Co). A schematic of pier modifications 
around an octagonal pier is shown in Figure 2. 

The following are the details of the pier configurations used in the current study: 
 In all collar-pier experiments, the collar width was equal to thrice that of the pier, which was 

maintained. 
 In all cable-pier experiments, a cable diameter to pier-width ratio of 0.15 was used. The vertical 

spacing between the cable loops was equal to the pier width, with each cable being parallel. 
 In all openings-pier experiments, the diameter and vertical spacing of openings was 20% and 

100% of the pier width, respectively. 
 In all hooked collar experiments, a width of 1.25 Dp, a height of 0.25 Dp, and a thickness of 5 mm 

was placed at the bed around the bridge pier. 

   

 
 

 
 

Figure 2. Details of pier modification around an octagonal pier. 

2.6. Experimental Procedure 

Experiments were performed in two phases. In the first phase, a series of 24 runs on six different 
pier shapes with different diameters (Dp = 5 and 10 cm) for two different median sediment sizes (d50 
= 0.71 mm and 0.98 mm), all under a clear water scour condition, were performed. The values of the 
most important control variables and non-dimensional parameters characterizing the experiments, 
including those reported by Lança et al. [48], are summarized in Table 3. 
  

Figure 2. Details of pier modification around an octagonal pier.

2.6. Experimental Procedure

Experiments were performed in two phases. In the first phase, a series of 24 runs on six different
pier shapes with different diameters (Dp = 5 and 10 cm) for two different median sediment sizes
(d50 = 0.71 mm and 0.98 mm), all under a clear water scour condition, were performed. The values of
the most important control variables and non-dimensional parameters characterizing the experiments,
including those reported by Lança et al. [48], are summarized in Table 3.
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Table 3. Characteristic control variables and non-dimensional parameters of experiments.

Test Pier
Shape

Dp
(cm)

d50
(mm)

df
(cm) L/Dp B/Dp df/Dp Dp/d50

td
(hrs)

dse
(cm) dse/Dp

1 S1 5 0.71 23 - 20.0 4.6 70.4 24 12.9 2.57
2 S1 10 0.71 25 - 10.0 2.5 140.8 24 15.8 1.58
3 S2 5 0.71 23 3.00 20.0 4.6 70.4 24 15.6 3.12
4 S2 10 0.71 25 1.50 10.0 2.5 140.8 24 19.7 1.97
5 S3 5 0.71 23 3.00 20.0 4.6 70.4 24 12.1 2.42
6 S3 10 0.71 25 1.50 10.0 2.5 140.8 24 15.2 1.52
7 S4 5 0.71 23 3.00 20.0 4.6 70.4 24 13.9 2.78
8 S4 10 0.71 25 1.50 10.0 2.5 140.8 24 18.3 1.83
9 S5 5 0.71 23 3.00 20.0 4.6 70.4 24 10.3 2.07

10 S5 10 0.71 25 1.50 10.0 2.5 140.8 24 11.8 1.18
11 S6 5 0.71 23 3.00 20.0 4.6 70.4 24 13.3 2.65
12 S6 10 0.71 25 1.50 10.0 2.5 140.8 24 16.3 1.63
13 S1 5 0.98 23 - 20.0 4.6 51.0 24 13.1 2.62
14 S1 10 0.98 25 - 10.0 2.5 102.0 24 16.2 1.62
15 S2 5 0.98 23 3.00 20.0 4.6 51.0 24 15.7 3.14
16 S2 10 0.98 25 1.50 10.0 2.5 102.0 24 19.8 1.98
17 S3 5 0.98 23 3.00 20.0 4.6 51.0 24 12.5 2.50
18 S3 10 0.98 25 1.50 10.0 2.5 102.0 24 15.4 1.54
19 S4 5 0.98 23 3.00 20.0 4.6 51.0 24 14.2 2.84
20 S4 10 0.98 25 1.50 10.0 2.5 102.0 24 18.6 1.86
21 S5 5 0.98 23 3.00 20.0 4.6 51.0 24 10.7 2.14
22 S5 10 0.98 25 1.50 10.0 2.5 102.0 24 12.1 1.21
23 S6 5 0.98 23 3.00 20.0 4.6 51.0 24 13.5 2.70
24 S6 10 0.98 25 1.50 10.0 2.5 102.0 24 16.4 1.64

Dp = pier diameter, d50 = median sediment size, df = flow depth, B = channel width, L = pier length, td = test duration,
dse = equilibrium scour depth.

In the second phase of experiments (similar to Khaple et al [49]), modifications were applied to
the octagonal pier shape (S5), as it reduces more scour depth when compared to other pier shapes.
Hence, a series of 44 experiments were carried out by testing different pier modifications individually
and in combination around two different pier diameters of octagonal piers (Dp = 5 cm and 10 cm),
under clear water condition. In addition, two median sediment sizes (d50 = 0.71 mm and 0.98 mm)
were used. The experimental data obtained from these tests are presented in Table 4. The experimental
runs with median sediment size d50 = 0.71 mm were denoted by test X, which includes tests X1–X22;
similarly, experiments with median sediment size d50 = 0.98 mm were denoted by test Y, which includes
tests Y1–Y22.

The procedure of all experiments, performed in two phases, were similar. For instance, circular
pier (S1) was aligned vertically on the sand bed at a distance of 10.5 m from the upstream inlet end,
wherein the sand bed was compacted and its surface was levelled with the adjacent concrete bed.
The sand zone around the pier was covered with thin metallic plates to avoid uncontrolled scour at the
beginning of the experiment. Then, the flumes were slowly filled with water to allow air entrapped in
the sediment to escape. Once the flow depth and the discharge were established, the metallic plates
were carefully removed, and the experiment started. The scour process was immediately initiated, and
the scour hole depth at the upstream and sides of pier was measured every 12 min during the first hour
(to the accuracy of ±0.1 mm), with the help of three point-gauges. Afterwards, the intervals between
measurements increased. The outlet section was at the end of the test section, where the dislodged
sand particles, if any, were deposited.
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Table 4. Experimental data of modification around octagonal pier in uniform sediments. Hooked
collar (O-H), cable with hooked collar (Ca-H), openings with collar (O-Co), cable with collar (Ca-Co),
openings with cable (O-Ca), openings with cable and hooked collar (O-Ca-H), and openings with cable
and collar (O-Ca-Co).

Pier
Shape

Dp Modification df (cm)

Series X
d50 = 0.71 mm

Series Y
d50 = 0.98 mm

Percentage Reduction of
Scour Depth rds (%)

Test ds (cm) Test ds (cm) Test X
d50 = 0.71 mm

Test Y
d50 = 0.98 mm

S5 5 H 23 X1 8.1 Y1 8.3 21.36 22.43
S5 5 Co 23 X2 8.5 Y2 8.8 17.48 17.76
S5 5 O 23 X3 9.4 Y3 9.9 8.74 7.48
S5 5 Ca 23 X4 9 Y4 9.3 12.62 13.08
S5 5 O-H 23 X5 7.4 Y5 7.5 28.16 29.91
S5 5 Ca-H 23 X6 6.8 Y6 7 33.98 34.58
S5 5 O-Co 23 X7 7.7 Y7 8.1 25.24 24.30
S5 5 Ca-Co 23 X8 7.1 Y8 7.1 31.07 33.64
S5 5 O-Ca 23 X9 8.2 Y9 8.1 20.39 24.30
S5 5 O-Ca-H 23 X10 4.9 Y10 5.1 52.43 52.34
S5 5 O-Ca-Co 23 X11 6.1 Y11 6.3 40.78 41.12
S5 10 H 25 X12 9 Y12 9 23.73 25.62
S5 10 Co 25 X13 9.8 Y13 10 16.95 17.36
S5 10 O 25 X14 10.9 Y14 10.7 7.63 11.57
S5 10 Ca 25 X15 10.1 Y15 10.2 14.41 15.70
S5 10 O-H 25 X16 8.6 Y16 8.8 27.12 27.27
S5 10 Ca-H 25 X17 7.7 Y17 7.8 34.75 35.54
S5 10 O-Co 25 X18 8.9 Y18 9.1 24.58 24.79
S5 10 Ca-Co 25 X19 8.2 Y19 8.3 30.51 31.40
S5 10 O-Ca 25 X20 9.3 Y20 9.4 21.19 22.31
S5 10 O-Ca-H 25 X21 5.9 Y21 5.9 50.00 51.24
S5 10 O-Ca-Co 25 X22 7.2 Y22 7.1 38.98 41.32

At the end of each experiment, water was drained off from the flume carefully to keep the scour
pattern unaffected from the drawdown flushing. The scour holes and scour pattern profiles around
piers were then accurately measured with the help of a depth gauge. The measuring section for the
eroded profile of scour hole was chosen at about 1.0 m long along the upstream and downstream with
the pier at the center (Table 2). The duration of each run was always considered as 24 h, during which
the equilibrium scour depth was achieved [50]. The detail of experiments performed in the rectangular
flume are shown in Figure 3.Water 2019, 11, x FOR PEER REVIEW 9 of 21 
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Figure 3. Details of experiments performed in the rectangular flume.

3. Results and Discussion

3.1. Time Variation of Scour Depth at Bridge Pier Shapes

Figure 4a,b shows the temporal evolution of scour depth at the location of maximum scour depth
for shapes S2 and S5, i.e., tests (3, 4, 15, 16) and (9, 10, 21, 22), respectively. For each of the pier shapes,
the scour depth initially increased, reaching a maximum value, and then asymptotically approached a
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stable state. Hence, it can also be concluded that that the rate of scour depth decreases with time. From
the observations, it may be noted that about 75% of the maximum scour depth was reached initially at
about first four hours of the experiment, which is similar to the results obtained by Lu et al. [51].

The rate of increase of scour depth for different bed sediments (d50 = 0.71 mm and 0.98 mm) was
the same during the initial development of scour hole; however, it was different in the long-term phase.
The reason may be that as the scour hole deepens, the removal of sediment particles from the scour
hole becomes more difficult. This observation is consistent with that observed by Khaple et al. [49] for
different bed materials.
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Figure 4. Time evolution of local scour depth (a) for shape S2: test 3 (Dp = 5 cm, d50 = 0.71 mm), test 4
(Dp = 10 cm, d50 = 0.71 mm), test 15 (Dp = 5 cm, d50 = 0.98 mm), and test 16 (Dp = 10 cm, d50 = 0.98 mm);
(b) for shape S5: test 9 (Dp = 5 cm, d50 = 0.71 mm), test 10 (Dp = 10 cm, d50 = 0.71 mm), test 21 (Dp = 5 cm,
d50 = 0.98 mm), and test 22 (Dp = 10 cm, d50 = 0.98 mm).

3.2. Variation of Maximum Scour Depth with Pier Size and Shape

Figure 5a,b shows the variation of final scour depth with pier size for different pier shapes.
Furthermore, it demonstrates that on both median sediment sizes (d50 = 0.71 mm, 0.98 mm) the
maximum scour depth for square pier shape (S2) model was greater than that of other pier shape
models, i.e., S1, S3, S4, S5, and S6. Similarly, the octagonal pier shape (S5) shows the minimum final
scour depth for both median sediment sizes. It was observed that the maximum percentage reduction
of scour depth for shape S5 having pier size 5 cm was 34% and 31.8% with bed material 0.71 mm and
0.98 mm, respectively, when compared to shape S2. Similarly, when pier size was 10 cm, the reduction
of scour depth for shape S5 was 40.1% and 38.9% when bed material was 0.71 mm and 0.98 mm,
respectively. It is interesting to note that the S5 with Dp = 10 cm had less final scour depth as compared
to all other pier shapes having Dp = 5 cm, as shown in Figure 5a,b.

It is also obvious from the results that the smaller the pier size (Dp = 5 cm), the lower the scour
depth, whereas higher scour depth occurred at a larger pier size (Dp = 10 cm). The reason behind
this was that by increasing the pier size, the obstruction to water was increased, resulting in the
enhancement of downflow and horse-shoe vortex and hence the pier scour depth.

Likewise, the comparison of final scour depth of two different bed materials, i.e., d50 = (0.71 mm,
0.98 mm) with pier size Dp = 5 cm and 10 cm is shown in Figure 5c,d, respectively. For the same pier
size, the results revealed that the variation of sediment bed materials had less impact on final scour
depth. It was observed that the maximum difference in the final scour depth of two bed materials was
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3.7% and 2.5% for the case when the pier size was 5 cm and 10 cm, respectively. However, for the same
bed material, the variation of pier size increased the final scour depth comprehensively. The maximum
difference observed in the final scour depth of two pier sizes was 24% and 23.7% for the case when
mean sediment size was 0.71 mm and 0.98 mm, respectively. The impact of bed material on final scour
depth was further tested in later experiments of pier modifications.
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Figure 5. Comparison of scour depth for different pier shapes with different pier sizes: (a) d50 = 0.71 mm,
(b) d50 = 0.98 mm; with different bed materials: (c) Dp = 5 cm, (d) Dp = 10 cm.

3.3. Scour Pattern around Bridge Pier Shapes

The formation of scour pattern around different pier shapes was quite interesting. The shapes
of the piers significantly altered the scour patterns locally around the respective piers. To illustrate
the scour pattern around different pier shapes, Figure 6 presents the measurements of scour depth
along the transverse direction of the pier-front edge through location E2 and also in the longitudinal
streamwise direction through location E1–E8 of Table 2. It is noticed that on both pier sizes with varying
bed materials, the length of the scoured section along the transverse and stream-wise directions was
maximum for the shape S2 and minimum for shape S5. The decrease of scoured section length in both
directions can be observed for shape S4 and S6, as compared to shape S2. Likewise, shape S1 and S3

showed almost similar scoured length section along transverse and stream-wise directions, which were
smaller than S4 and S6. Furthermore, it can be seen that, in front of the cylinder, the bed slopes in the
sand pit for all the profiles of different pier shapes were almost the same. Both scour depths in front of
and behind the cylinder increased with an increase in pier diameter. However, with the change of bed
materials for each pier diameter, an almost similar pattern of scour profile was observed, for example,
in Figure 5a,a′, and Figure 5c,c′. Moreover, it was monitored that the position of major deposition
regions at the downstream, and the overall shape of the deformed area, occurred because of the effect
of the pier shapes. Thus, it was clearly observed from the results that the occurrences of locations of
maximum scour depths depended on the geometry of the shape.
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3.4. Time Variation of Scour Depth at Octagonal Pier with Modifications

A detailed overview of time variation of pier modifications when applied individually, and in
combination at octagonal piers, were examined under the same flow conditions. For the former case,
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when modifications were tested individually at an octagonal pier, the hooked collar showed much
more satisfactory results as compared to all other pier modifications. Interestingly, the hooked collar
has better scour reduction when compared to a collar. This is because the hooked collar blocked the
downward movement of water for a greater duration, as shown in Figure 7a,b, thereby reducing the
downward impact of horseshoe vortex formation. From the tests X1-(H) and X9-(O-Ca) (Figure 7a),
and X12-(H) and X20-(O-Ca) (Figure 7b), it can be seen that hooked collar individually is more efficient
in terms of reducing scour, as compared to combined modification of openings and cable around
an octagonal pier. Moreover, the openings modification is least effective in terms of reducing scour,
followed by the cable modification. Although the provision of openings provides an alternate path for
the flow to move and reduces the downward flow, it was observed from the results that this reduction
is very nominal to prevent the scour intrusion as compared to other modifications. Additionally,
the deposition of sediments in opening holes was observed at the end of all octagonal piers with
openings experiments. It can be concluded that this deposition of sediments mainly lessens the
efficiency of openings when specifically applied individually. However, when this provision was
applied with other modifications at the octagonal pier, it performed relatively well as compared to when
it was applied individually. The main reason was that because of the provision of other modifications
such as the hooked collar, collar, or cables, the downward flow was weakened and scouring initiated
relatively slowly with a delay during this phase, whilst the provision of openings performed relatively
well, and it also played its part to weaken the downward flow and formation of a horseshoe vortex.

In the latter case, seven combinations of different configurations were examined under the same
flow conditions around the octagonal pier, i.e., O-H, Ca-H, O-Co, Ca-Co, O-Ca, O-Ca-H, and O-Ca-Co.
The maximum scour depth for the octagonal pier with Ca-H was found to be less than that of the four
cases, i.e., O-H, O-Co, Ca-Co, and O-Ca. The reduction in scour depth occurred because of the provision
of the hooked collar in combination with the cable, causing obstruction to downward flow and resulting
in a horseshoe vortex. Initially, scouring action blocked at the upstream of pier. The flow was shifted
to downstream of the pier, forming a wake vortex and therein resulting in small scour pits. These pits
expanded and progressed towards upstream and initiated scour depth there. Because of this delayed
process, the equilibrium stage of scouring took more time. As the scouring action for the hooked collar
pier started with a delay, the addition of the cable made the pier more effective as it further delayed the
start of scouring, in which the equilibrium time was longer than that of the other four cases. In contrast
to this, the combination of openings and cable around the pier had a greater final scour depth when
compared to all other six combinations of pier configurations. The threads of cable obstructed the
downward flow more effectively than the openings in the pier, but their combination was least effective
in terms of reducing scouring. Hence, the combination of three modifications, i.e., provision of hooked
collar, threads, and openings in the octagonal pier, resulted in the most effective configuration in
reducing scour depth produced by downward flow and the formation of a horseshoe vortex.

Furthermore, the comparisons of the time variation of scour depth ds in test series X with respect
to that of the unprotected octagonal piers are shown in Figure 7a,b, for pier sizes Dp = 5 cm and 10 cm,
respectively. In all the tests, ds was determined at the upstream point E2, represented in Table 2 at
different time intervals. Twenty-two tests were conducted for each sediment size, i.e., overall forty-four
experiments were performed for both sediment sizes. Time duration of each run was maintained as
24 h, during which the equilibrium scour depth was attained [50]. It is clear from Figure 7a,b that by
applying pier modifications, a significant decrease of the equilibrium scour depth was noticed at a pier
with reference to an unprotected pier. Table 3 provides the details of the experimental runs, in which
different modifications were applied to the octagonal pier in two different sediment beds.

Using combined pier modifications, the rate of scour depth development further decreased and
finally attained a minimum scour depth as compared to that of the unprotected pier. This phenomenon
was observed in both the sediment sizes in a similar way. However, in spite of applying combined pier
modifications, the time variation of scour depth was almost the same.
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Figure 7. Comparison of the time variation of scour depths in tests of series X with pier modifications
(a) (tests X1–X11) with respect to the corresponding test with unprotected octagonal pier (test 9),
(Dp = 5 cm, d50 = 0.71 mm); (b) (tests X12–X22) with respect to the corresponding test with unprotected
octagonal pier (test 10), (Dp = 10 cm, d50 = 0.71 mm).

The comparison of the time variation of scour depths in experiments of series X (d50 = 0.71 mm)
with the corresponding tests of series Y (d50 = 0.98 mm) is shown in Figures 8 and 9. The temporal
variation of scour depths at pier diameters Dp = 5 cm (tests X1–X11, Y1–Y11) and 10 cm (tests X12–X22,
Y12–Y22) are presented in Figures 8 and 9, respectively. In these figures, the general trend of the
evolution of scour depth at a pier with pier modifications is the same as that of the unprotected
octagonal pier.
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Figure 8. Comparison of the time variation of scour depths in corresponding tests of series
X (d50 = 0.71 mm) and Y (d50 = 0.98 mm) with pier modifications (X1–X11, Y1–Y11; Dp = 5 cm):
tests X1 and Y1, . . . . . . . tests X11 and Y11.

The general profile of time variation of scour depth at a pier with modifications was found to be
similar in the experiments for two different sediment sizes, i.e., d50 = 0.71 mm and 0.98 mm, as well
as for two pier sizes, namely Dp = 5 cm and 10 cm. In addition, for a given pier size, it was found
that the rate of increase of scour depth was initially high for the finer sediment size d50 = 0.71 mm as
compared to the coarser sediment size d50 = 0.98 mm. Interestingly, the final equilibrium scour depth
was approximately the same for both the bed materials and two pier sizes, as shown in Figures 8 and 9,
respectively. However, it is observed that the maximum difference in the final scour depth of two bed
materials was 5.1% and 2% for the case when pier size was 5 cm and 10 cm, respectively. Furthermore,
the maximum difference in final equilibrium scour depth of two pier sizes was in the range of 16.9%
and 14.8% for the case when mean sediment size was 0.71 mm and 0.98 mm, respectively.
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Figure 9. Comparison of the time variation of scour depths in corresponding tests of series
X (d50 = 0.71 mm) and Y (d50 = 0.98 mm) with pier modifications (X11–X22, Y11–Y22; Dp = 10 cm): tests
X11 and Y11, . . . . . . . tests X22 and Y22.

3.5. Variation of Maximum Scour Depth with Pier Sizes and Modifications

Figure 10a,b shows the variation of maximum scour depth with two pier sizes for different pier
modifications and an unprotected octagonal pier. It was again observed from the results that a smaller
pier size (Dp = 5 cm) has lower maximum scour depth, whereas a higher maximum scour depth occurs
at a pier with a larger size (Dp = 10 cm) when they were tested against different pier modifications.
Furthermore, the aforementioned figures demonstrate that on both pier sizes (Dp = 5, 10 cm) and
median sediment sizes (d50 = 0.71 mm, 0.98 mm), the best combination of pier configuration was
O-Ca-H around an octagonal pier. The maximum scour depth reduction for this combination was
greater than that of all other pier modifications either applied around an octagonal pier individually
or in combinations. It was noticed that the maximum percentage reduction (rds) was about 52.34%
for octagonal piers configured with cable, openings, and the hooked collar, when compared to the
unprotected octagonal pier. Comparison of maximum scour depth of pier modifications individually
and in combination with different octagonal pier sizes (Dp = 5, 10 cm) and bed materials (d50 = 0.71,
0.98 mm) are shown in Figure 10a,b.
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Figure 10. Comparison of maximum scour depth for protected and unprotected piers with different
pier sizes: (a) d50 = 0.71 mm, (b) d50 = 0.98 mm.

3.6. Volume of Scour Hole

The volume of the scour hole Vs, which is indicative of the extent of loss of soil support to the
pier foundation, was calculated for each pier modification using Simpson’s 3/8th rule from the scour
contour map. Table 5 shows the scour geometric parameters for all pier modifications applied around
the octagonal pier individually and in combination at a pier size and median sediment size of 5 cm
and 0.71 mm, respectively.
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Table 5. Scour geometric parameters for Dp = 5 cm and d50 = 0.71 mm.

Pier
Shape Modification Dp

d50
(mm)

Max.
Scour

Depth ds
(cm)

Percent
Scour

Reduction
(rds)

Volume of
Scour

Hole (m3)

Percent
Scour

Reduction
(rds)

S5 - 5 0.71 10.3 0 0.017 0
S5 H 5 0.71 8.1 21.4 0.010 38.2
S5 Co 5 0.71 8.5 17.5 0.012 31.9
S5 O 5 0.71 9.4 8.7 0.014 16.7
S5 Ca 5 0.71 9 12.6 0.013 23.6
S5 O-H 5 0.71 7.4 28.2 0.009 48.4
S5 Ca-H 5 0.71 6.8 34.0 0.007 56.4
S5 O-Co 5 0.71 7.7 25.2 0.009 44.1
S5 Ca-Co 5 0.71 7.1 31.1 0.008 52.5
S5 O-Ca 5 0.71 8.2 20.4 0.011 36.6
S5 O-Ca-H 5 0.71 4.9 52.4 0.004 77.4
S5 O-Ca-Co 5 0.71 6.1 40.8 0.006 64.9

The Vs was observed to increase for the scenario when modifications around the octagonal pier
were applied individually to the scenario when modifications around the octagonal pier were applied
in combination. However, individually the value of Vs for the hooked collar around the octagonal pier
was observed to be the minimum at 0.010 m3. Similarly, in combinations, the value of Vs for O-Ca-H
was found to be the minimum at 0.004 m3. These values indicate a 38.2% and 77.4% decrease in Vs

for a decrease of 21.4% and 52.4% in maximum scour depth ds, respectively. As the streamwise and
transverse extents of scour decreased with ds, the total volume of scour hole, Vs, was also expected
to decrease with ds. The exact nature of the relationship between ds and Vs was found by fitting an
equation to the data, as shown in Figure 11. The volume of scour was seen to decrease quadratically
with ds, following the equation Vs = 1.6ds

2, where Vs and ds are in cubic meters and centimeters,
respectively. This equation has a similar form to the equation proposed by Ebrahimi et al. [52], i.e.,
Vs = 2.2ds

2, where Vs and ds are in cubic meters and centimeters, respectively, for scour at a sharp nose
pier in the presence of debris. This information can be useful in planning post-flood remedial works
(e.g., Solaimani et al. [53]) where often only maximum scour depth is initially measured.
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3.7. Scour Maps of Unprotected and Protected Octagonal Pier

Figure 12a–d respectively shows the final scour profile in the form of contour maps, measured at
the end of each experiment (after 24 h). These contour plots were generated from the measurements of
vertical elevations using a point gauge. Herein, the contour plots of bed form elevations (z), are discussed
only for the unprotected octagonal pier and protected octagonal pier with O-Ca-H modifications.
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Figure 12. Equilibrium scour hole profile with different pier sizes around (a) and (c) unprotected
octagonal piers with Dp = 5 and 10 cm, respectively; (b) and (d) protected octagonal pier with O-Ca-H
modifications with Dp = 5 and 10 cm, respectively; on the same bed material (d50 = 0.71 mm).

It was observed from the figures that maximum scour depth was at the upstream side, mainly at
the leading edges, for both the unprotected and protected octagonal pier. However, a symmetry of
scour patterns was observed on both sediment bed materials with the same pier size in all cases of
protected and unprotected octagonal piers. The extent of the scour pattern was greatly reduced at the
longitudinal and transverse direction for the case when a provision of O-Ca-H was applied around the
octagonal pier, as compared to the unprotected octagonal pier.

4. Conclusions

This experimental study aimed at assessing the most efficient pier shape in terms of reducing
scour and also the capability of various pier modifications to minimize the erosive power of flow
acting on the riverbed around that efficient pier shape. The work has extended previous published
studies by considering six pier shapes (namely circular, rectangular, rhombus, sharp nose, octagonal
and elliptical) and four pier modifications (namely collar, openings, cables, and hooked collar), under
clear water conditions. The scour measurement was conducted whilst the flow was running. The scour
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development time history, equilibrium scour depth, and volume of scour hole were studied, together
with the three-dimensional scour-hole profiles.

The main conclusions from this work are as follows:

1. Under the same conditions, the maximum scour depth around six different pier shapes was
monitored on different pier sizes (Dp = 5 cm, 10 cm) and bed materials (d50 = 0.71 mm, 0.98 mm).
It is interesting to note that octagonal pier shape is the most effective in reducing the scour depth,
followed by the circular pier shape. In comparison with the rectangular pier, which is the least
effective in reducing scour depth, the percentage of scour reduction for circular, rhombus, sharp
nose, octagonal, and elliptical piers were 17.7, 22.4, 10.9, 33.8, and 15.1, respectively, for pier size
Dp = 5 cm and median sediment size d50 = 0.71 mm. Furthermore, a similar sequence of scour
reduction was observed for Dp = 10 cm.

2. The shape of a pier is an important parameter in the scouring process. We recommended
an octagonal pier as the most suitable form of pier geometry for applying pier modification
countermeasures separately and in combination.

3. When applying pier modifications separately around an unprotected octagonal pier, the hooked
collar is the most effective in protecting the pier against local scour, followed by the collar.
In comparison with the unprotected octagonal pier without any modification, the percentage of
scour reduction for the hooked collar (H), collar (Co), openings (O), and cables (Ca) were 21.4,
17.5, 8.7, and 12.6, respectively, for pier size Dp = 5 cm and median sediment size d50 = 0.71 mm.

4. The combination of the hooked collar, cables, and openings (O-Ca-H) was more effective in
reducing scour when compared to the other six cases. In comparison with the unprotected
octagonal pier without any modification, the percentage of scour reduction for O-H, Ca-H, O-Co,
Ca-Co, O-Ca, O-Ca-H, and O-Ca-Co were 28.2, 34, 25.2, 31.1, 20.4, 52.4, and 40.8, respectively, for
pier size Dp = 5 cm and median sediment size d50 = 0.71 mm.

5. In all pier shapes and pier modification experiments on different pier sizes (Dp = 5 cm, 10 cm),
the smaller size pier was more effective than the larger pier size, indicating that the larger the pier
size, the larger the scour depth. Similarly, it was also confirmed from the results that behavior of
scour on different pier shapes was almost the same in all experiments.

6. The longitudinal and transverse extents of scour increased with scour depth. The volume of
scour hole increased quadratically with maximum scour depth after 24 h. This trend was similar
to what was found in previous research for scenarios with debris. The proposed equation can
be useful for calculating the volume of material required for filling scour holes in post-flood
remedial field works in which only maximum scour depth is measured.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/11/9/1761/s1,
Table S1: Geometric parameters of pier shapes.
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