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Abstract

In this experimental study, semi-circular end collars around semi-circular end abutments and rectangular collars around
rectangular abutments were tested in order to investigate the efficiencies of the collars in reducing the local scour depth under
unsteady-state clear-water approach flow conditions. Experiments were conducted in a rectangular sediment channel having
a sediment pool filled with uniform sand as the bed material. Three different abutment lengths having constant widths were
tested under three distinct successive flow intensities that were applied continuously for a duration of 2 h during each experi-
ment. Varying sizes of collars were located at different elevations relative to the bed level. The effect of abutment length,
collar width, collar elevation, flow intensity and temporal variation on local scour reduction performances of collars were
tested. According to the experimental results, it can be stated that the application of collars around the semi-circular end and
rectangular bridge abutments decreases the local scour depth by up to 72% and 51%, respectively. In addition, semi-circular
end collars around semi-circular end abutments gave better results in reducing the scour depths than rectangular collars
around rectangular abutments. Best collar performances were generally achieved for the largest collar width located around
the bed level for semi-circular end abutments and below the bed level for rectangular abutments.

Keywords Collar - Rectangular abutments - Scour - Scour countermeasures - Semi-circular end abutments - Unsteady-state
flow conditions
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U. Value of the U at the threshold of grain motion

U, Shear velocity of the approach flow

U, Value of the U. at the threshold of grain motion

y Flow depth

Yo7 Flow depth operated during U/U,=0.7

Ve Critical flow depth at the threshold of grain
motion

Z, Collar level on the abutment with reference to
bed level

(o Standard deviation of the particle size
distribution

p Density of the fluid

Ps Density of the sediment

u Dynamic viscosity of the fluid

o Ratio of the total area of the abutment with
collar to the area of the abutment on horizontal
plane

Introduction

The incorporation of bridge components such as abutments
and piers within riverbeds for bridge construction induces
alterations in river flow patterns through interactions
between the fluid and the structures. The presence of these
obstacles upstream creates a vertical pressure gradient, a
consequence of the stagnation of the approaching flow. This
pressure gradient induces a downward flow, primarily
responsible for the formation of primary or horseshoe vor-
tices (Barbhuiya and Dey 2004). The downstream side expe-
riences secondary and wake vortices, contributing to the
creation of a scour hole through bed material degradation
around the bridge elements. The occurrence of scour during
flood events poses a significant risk, potentially leading to
bridge collapse and loss of lives. According to Richardson
and Davis (2001), the collapse of a thousand bridges in the
USA over the past three decades has been attributed to
extensive scouring that reaches the foundation of bridge ele-
ments. Additionally, approximately 30% of bridge failures,
as highlighted by Imhof (2004) are associated with natural
hazards, particularly events such as floods and scouring.
Hence, it is imperative to emphasize the significance of
hydraulic design in bridge construction, specifically account-
ing for scour phenomena, alongside the structural design
considerations (Gokmener 2023). In recent decades, several
studies have been conducted under steady-state approach
flow conditions (Melville 1992; Kandasamy and Melville
1998; Kothyari and Ranga Raju 2001; Oliveto and Hager
2002; Coleman et al. 2003; Dey and Barbhuiya 2005) and
unsteady-state flow conditions (Oliveto and Hager 2005;
Hager and Unger 2010; Borghei et al. 2012; Tabarestani and
Zarrati 2017; Bombar 2020; Raikar et al. 2022; Gokmener
and Gogus 2022) to understand scour mechanism and
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predict the temporal variation of maximum scour depth
around abutments and piers. Moreover, advanced monitoring
techniques in predicting and managing scour around bridge
elements have been frequently utilized nowadays. Advanced
monitoring techniques are mainly categorized into three
groups: monitoring with a reference target, soil-water inter-
face and reverse monitoring. The technique of monitoring
with a reference target consists of some methods (magnetic
sliding collar, smart rock, etc.) that track the maximum scour
depth instantaneously by taking the river bed as the refer-
ence point. On the other hand, soil-water interface tech-
niques include monitoring maximum scour depth by using
equipment such as sonar, piezoelectric-based sensors, and
time-domain reflectometry. Finally, reverse monitoring
methods observe the behavior of bridge elements against
scouring (Wang et al. 2017). Despite the existence of these
extensive studies in the literature, the number of investiga-
tions on the temporal development of maximum scour depth
around bridge elements is not enough. Consequently, to
address issues associated with the scouring process, it is
imperative to conduct further research on scour counter-
measures and their application on bridge elements (Kumcu
et al. 2014). Scour countermeasure techniques can be
broadly categorized into two groups: armoring and flow-
altering countermeasures (Dey Subhasish et al. 2006).
Armoring countermeasures, including riprap, grout-filled
bags, cable-tied blocks, and geo-bags, primarily aim to pro-
tect bridge elements by preventing scour in critical zones
around the structure (Li et al. 2006). In contrast, flow-alter-
ing countermeasures, such as collars, vanes, and slots, focus
on decreasing the strength of downflow and primary or
horseshoe vortices to reduce scour depth and decelerate
scour development (Tafarojnoruz et al. 2012). Flow-altering
countermeasures are generally considered more cost-effec-
tive than armoring countermeasures, primarily due to the
reduced amount of stone required, which may not always be
readily available at the bridge site (Zarrati et al. 2004).
Installation of collars around abutments and piers is one of
the most common flow-altering techniques. Collars manipu-
late the flow pattern around abutments or piers, decreasing
the intensity of large bed shear stresses and pressure fluctua-
tions that contribute to scour formation caused by primary
vortex and vortex tubes upstream of the bridge elements
(Kumcu et al. 2014). Above the collar, downflow movement
is decelerated, while the zones below the collar experience
reduced downflow and primary vortices. The effectiveness
of a collar in reducing scour depends largely on its size and
position relative to the bed level (Kumar et al. 1999). In the
last decades, several studies have been conducted to inves-
tigate the influence of collars in reducing local scour depth
around abutments and piers. However, the majority of these
extensive studies were focused on the scour reduction effi-
ciency of collars around piers rather than abutments. Zarrati
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et al. (2004), Alabi (2006); Moncada-M et al. (2009),
Tafarojnoruz et al. (2010, 2012), Wang et al. (2019), Tabar-
estani and Zarrati (2019), Pandey et al. (2020), Kassem et al.
(2023), Mashabhir et al. (2024) investigated the scour reduc-
tion efficiencies of traditional collars such as rectangular and
cylindrical ones while Valela et al. (2021, 2022), Gupta et al.
(2023a, 2023b, 2023c) investigated the scour reduction effi-
ciency of recently introduced collar types such as airfoil and
streamlined shapes around piers. In addition, Kumar et al.
(1999), Grimaldi et al. (2009), Zarrati et al. (2010), Gaudio
et al. (2012) tested the combination of collars with other
scour countermeasure techniques to enhance scour reduction
around bridge piers. Nevertheless, there are a set of studies
have been conducted in recent years to examine the influence
of collars on abutment scour. Li (2005) revealed that collars
successfully reduced scour depth around abutments by pre-
venting the formation of secondary vortices. The optimal
performance of collars was observed when placed at an
elevation of 0.08 times the flow depth below the bed level.
Kumcu et al. (2007) indicated that the maximum scour depth
around vertical-wall abutments can be reduced by approxi-
mately 20-80% based on the size and location of the collar.
Gogus and Dogan (2010) carried out experiments, which are
nearly the same as Kumcu et al. (2007, 2014) except for
using a bed material with a smaller grain size in order to
examine the effect of grain size on scour reduction perfor-
mances of the collars. The results showed that the grain size
of the bed material did not significantly affect the optimal
collar elevation. Tekin (2012) stated that collars could
reduce the maximum scour depth by around 25-50%,
depending on flow intensity, abutment length, collar width,
and collar elevation. Kumcu et al. (2014) stated that optimal
scour reduction with collars around vertical-wall abutments
was generally achieved with larger collar widths positioned
below the bed level. Yilmaz (2014) concluded that the instal-
lation of collars around spill-through abutments reduces the
maximum scour depth by around 52% for both single and
multiple abutment configurations. Khosravinia et al. (2018)
observed that increased collar width not only reduced the
maximum scour depth but also delayed scour formation. The
experimental results indicated that the installation of a collar
around wing-wall abutments reduces the maximum scour
depth by approximately 9-37% with varying collar widths.
Hosseinjanzadeh et al. (2021) concluded that the optimal
collar location is at the bed level forwing-wall and semi-
circular abutments, while below the bed level is optimal for
vertical-wall abutments. Gogus et al. (2023) revealed that
collar performance in reducing scour increases with wider
collars placed below the bed level for a given abutment
length. However, they noted that as abutment length
increases, collar performance in reducing maximum scour
depth decreases, achieving reductions within a range of

9-65% depending on abutment length, collar width, and col-
lar elevation.

The extensive studies discussed above have significantly
provided an advanced understanding of collar performance
and the key factors influencing it around abutments. How-
ever, it is noteworthy that all these investigations were con-
ducted under steady-state clear-water approach flow con-
ditions. The sole exception in the literature, to the best of
the authors’ knowledge, conducted under unsteady-state
approach flow conditions is the study by Tabarestani and
Zarrati (2019). In their study, the time for reaching the scour
below the collar level was considered rather than scour
reduction amounts of collars to evaluate the scour reduction
efficiency of collars. The results indicated that decreasing
flow intensity from 0.99 to 0.8 delayed the onset of deg-
radation of the bed material below the collar by 26 times.
Hereby, it was stated that flow intensity is the most domi-
nant parameter for scour development around piers either
without or with collars. Despite the wealth of information
provided by existing studies, a detailed investigation into the
influence of collars on scour development around bridge ele-
ments under unsteady-state approach flow conditions is nota-
bly lacking. The complexity of the experimental procedure,
characterized by rapid variations in flow parameters, cou-
pled with the challenge of deriving a generalized formula for
predicting scour depth, has hindered a more comprehensive
investigation of collar effectiveness in such dynamic condi-
tions (Oliveto and Hager 2005). For that reason, the effect
of flow variation on scour development and the behavior
of scour countermeasures against scour formation must be
studied in more detail to understand scour formation under
unsteady-state approach flow conditions. In the scope of the
present study, experiments were conducted to investigate
scour reduction efficiencies of collars under unsteady-state
clear-water approach flow conditions. Collars of varying
sizes and at different elevations relative to the bed level were
attached to abutments of various lengths. Unsteadiness was
introduced through the utilization of a stepwise hydrograph,
incorporating three distinct flow intensities, each applied
continuously for a duration of 2 h.

Materials and methods
Experimental setup

Experiments were carried out in a rectangular sediment
channel with plexiglass side walls having 28.5 m in length
and 1.5 m in width, with a slope of S,=0.001 (Figs. 1 and
2).

The sand layer, extending 5.8 m in the flow direction
with a depth of 0.48 m, was located 13.5 m away from the
upstream of the channel. This sand layer comprised uniform
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Fig. 1 Sketch of the experimen-
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Fig.2 View of the experimental setup from downstream

sand characterized by a median diameter of dsy=1.5 mm,
standard deviation of the particle size distribution of
0,=1.29 and uniformity coefficient of C,=d¢/d,(=1.7
where dy and d | are the sediment sizes for which 60% and
10% of the sediment is finer, respectively. Since scour reduc-
tion performances of the collars have been obtained almost
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the same for varying sediment sizes (Kumcu et al. 2014), in
this study, it was decided to carry out experiments with one
sediment size. The hydraulic system utilized a constant-head
tank equipped with a pump boasting a discharge capacity
of 250 1/s to provide the required flow to the channel. The
targeted flow depth and velocity were achieved by adjusting
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the control gate at the end of the channel. Discharge meas-
urement, with an accuracy of +2%, was facilitated by an
electromagnetic flowmeter attached to the intake pipe. Tur-
bulence reduction measures included the passage of flow
through a sharp-crested rectangular weir (1.5 m wide and
0.3 m deep), an energy dissipater pool, and a sheet-iron
strainer at the channel entrance. Flow depth measurements
were taken using a ruler affixed to the sand layer wall, with
an accuracy of + 1 mm. Maximum scour depths at the con-
clusion of the experiments were determined using a point
gauge, accurate to+ 1 mm.

Abutment and collar models

In the experiments, abutments of 3 different lengths,
L,=20 cm, 30 cm and 40 cm, fabricated from plexiglass,
were tested. Since the effect of abutment width, B,, on the
scour hole development is insignificant (Oliveto and Hager
2002; Kumcu et al. 2007), abutment widths were kept con-
stant at 10 cm along the experiments. As a scour counter-
measure, plexiglass collars with widths of B.=5 cm, 7.5 cm,
and 10 cm having 3 mm thicknesses were tested in the
experiments. The collars were located around the abutment
atZ,/y,,= —0.50,—0.25,+0.00, where Z_ is the collar ele-
vation relative to the bed level and y ; is the flow depth of
the experiment having the flow intensity of U/U,=0.7. How-
ever, the collars placed at the elevation of Z_/y,,= —0.50
for the abutment lengths of L, =20 cm were not tested in
the experiments since the obtained dimensionless maximum

Ba
/ W‘ 7
/
Semi-circular end
abutment

Semi-circular end
collar

scour depths for these abutments did not reach to the eleva-
tion of Z, /y,,= —0.50.

A sketch of the abutment model with the attachment of a
collar is given in Fig. 3.

Abutment lengths, collar sizes and locations during the
experiments are listed with a sketch of a semi-circular end
bridge abutment and collar arrangement in Table 1.

Dimensional analysis

The maximum scour depth around an abutment with a col-
lar, (dy)yax - Under unsteady-state clear-water approach flow
conditions are presented as a function of parameters given
as follows:

@)maxe = Lo Bos Bes 2o, T, U, Y, S, 85 pss ps s dsg, 0, 1,15, B,
ey
where L, is the length of the abutment perpendicular to the
flow direction, B, is the width of the abutment; B, is the
collar width; Z_ is the elevation of the collar with respect
to the sand level; T, is the collar thickness; U is the average
flow velocity; y is the flow depth; S, is the bed slope of the
channel; g is the acceleration of gravity; p, is the density of
bed material; u is the dynamic viscosity of water; ds is the
median diameter of bed material; o, is the geometric stand-
ard deviation of bed material and o, is the dg,/d,c where dg,
is the particle diameter for which 84% of the sediment is
finer; and d g is the particle diameter for which 16% of the
sediment is finer; ¢ is the time period of the experiment for

AB/"\L‘4/

Rectangular abutment

Rectangular collar

Fig.3 Sketch of the abutment-collar arrangement for semi-circular end and rectangular abutments
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Table 1 Abutment lengths, collar sizes and locations tested during the experiments

Abutment type L, (cm) B, (cm) Z. (cm) with respect to the bed  Z./y, ; with
level respect to the bed
level

Top View 40 10.0 -8.70 -0.50

-4.35 -0.25

% +0.00 +0.00

F"\"’. 75 ~8.70 ~0.50

La 1 1

v \ v —435 ~0.25

_;A_ & A +0.00 +0.00

L 5.0 -8.70 -0.50

Be B || ~435 ~025

N +0.00 +0.00

e 30 10.0 -8.70 -0.50

11 | : Abutment —4.35 ~0.25

11 |

e +0.00 +0.00

Y 7.5 -8.70 -0.50

e -435 -0.25

! & | +0.00 +0.00

[ \ L 5.0 -8.70 —-0.50

: :3\ ¥ —435 -0.25

- : +0.00 +0.00

§ - 20 10 —4.35 -025

Section A-A +0.00 +0.00

7.5 -4.35 -0.25

+0.00 +0.00

5.0 -4.35 -0.25

+0.00 +0.00

a given flow intensity starting from the beginning as 2 h,
4 h and 6 h duration of the experiment; [ which equals to
6 h in this study, is the total duration of the experiment that
represents the total duration of flood and B is the width of
the channel.

The parameters given in Eq. (2) are transformed into
dimensionless terms by applying Buckingham’s z theorem

as follows:

(ds)max,c _ lﬁ ﬂ ﬂ é E & L
y Yy Ty y Ty e ey @
B u Ut t dso}
_7_9_’_’S0’O-g’_ ‘
y Upy y t, y

Since the experiments were conducted with one sedi-
ment size, and some other parameters—bed slope, channel
width, collar thickness and abutment width—are constant,
the related parameters can be excluded from Eq. (3). In
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addition, considering the turbulence nature of open chan-
nel flows, viscous effects can also be neglected. Moreover,
the flow intensity term, U/U, can be written instead of the
Froude number, U/ \/5 . Therefore, Eq. (3) can be simpli-

fied as follows:

(ds)max,c
y

L, L, Z U Ut t

3

The performances of collars on scour reduction were
calculated by comparing scour depths of a given abutment
with and without collar cases using the expression given in

Eq. (4):

(ds)max - (ds)max,c
(ds)max

where (d,) .« 1S the maximum scour depth around the abut-

ment without a collar.

Z. U Ut t} @
y’BC7y’UC7y7tp 9
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Flow conditions

In scouring studies, flow intensity is typically characterized
by either the ratio of shear velocities, U./ U, or the ratio
of mean velocities U/U, (Li et al. 2006). In this study, the
flow depth required to have clear-water flow conditions was
determined by using the ratio of U/U,, where U is the aver-
age velocity of the approach flow and U, is the value of
U at the threshold of grain motion (Li et al. 2005; Kumcu
et al. 2007, 2014; Khosravinia et al. 2018). Prior to begin-
ning the tests, preliminary experiments were carried out in
the channel without an abutment to estimate the necessary
water depth and discharge by monitoring the initiation of
grain motion. From these experiments, the critical water
depth and the mean approach flow velocity were observed
asy,=12.1 cm and U,=0.3736 m/s, respectively, when the
discharge was Q=0.0678 m®/s. Critical shear velocity was
also calculated theoretically from Shield’s diagram by using
the equation proposed by Melville and Coleman (2000), in
which the units of the parameters U, and ds, are (m/s) and
(mm), respectively:
0.0065

dsy — &y (5)

U,. = 0.0305

The critical shear velocity was calculated as 0.032 and
0.033 m/s from the experimental and theoretical approaches,
respectively. Thus, for the discharge of Q=0.0678 m%/s, the
flow depth values to obtain flow intensities of U/U_,=0.7,
0.8 and 0.9 were calculated as y=17.4 cm, 15.2 cm and
13.5 cm, respectively.

Fig.4 Stepwise hydrograph

Experimental procedure

Before each experiment, the sand layer was carefully com-
pressed and leveled to ensure a smooth and homogeneous
bed surface. A small discharge was introduced into the flume
to prevent any disturbance to the surface of the sediment
layer. Once the flow reached the tailgate of the channel, the
discharge was gradually raised until it reached the desired
value (Q=0.0678 m?/s). Simultaneously, adjustments were
made to the tailwater gate downstream to achieve the desired
flow depth (y=17.4 cm) and flow intensity (U/U,=0.7).
After the flow depth had been stabilized, the experiments
were initiated. A stepwise hydrograph based on flow inten-
sity was applied using a constant discharge (Q =0.0678
m?/s) for a duration of 6 h. The flow intensity was system-
atically increased at 2-h intervals, transitioning from 0.7
(y=17.4 cm) to 0.8 (y=15.2 cm), and subsequently to 0.9
(y=13.5 cm). To avoid disrupting the flow pattern and scour
hole during experiments, scour depth measurements could
not be done during the experiments. Additionally, measuring
scour depths below the collar level was impractical without
detaching the collar. Therefore, each experiment was divided
into three stages. (Fig. 4).

In the first stage, the flow intensity of U/U,=0.7 was
tested only for 2 h, then the experiment was ended and scour
measurements were done after the drain of water from the
channel. In the second stage, U/U.=0.7 were tested for 2 h,
then the flow intensity was gradually increased to U/U,=0.8
and the experiment was continued for another 2 h and then
was ended. So, scour depth measurements were done at
the end of the 4th hour. The same procedure was repeated
in the third stage with the flow intensity of U/U,=0.9 for
another 2 h. After completing the third stage, the final scour

\

used in the experiments with the 1.2 (
divided stages

Third Stage \

1 ( Second Stage \

0.8 First Stage

\ |
|

0.4

t (hr)
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depths at the end of each stage, the 2nd, 4th and 6th hours,
were achieved. According to literature focusing on equilib-
rium scour depth, it is generally acknowledged that approxi-
mately 50 h are required to reach such a state (Farshad et al.
2022). However, in real flood cases, the duration of the flood
event is often shorter than the time needed to attain equi-
librium scour conditions. Consequently, the magnitude of
maximum scour depths resulting from floods tends to be
less than those corresponding to equilibrium cases (Cao and
Gu 2015; Gu et al. 2020; Shampa et al. 2020). Therefore,
experiments conducted under steady-state approach flow
conditions to achieve equilibrium scour depth may tend to
overestimate scour depth in flood conditions. Furthermore,
researchers such as Khosravinia et al. (2018), Pandey et al.
(2020) and Tekin (2012) underlined that approximately
70-75% of equilibrium scour depth is developed within a
time frame of less than 2 h. Also, Melville and Chiew (1999)
have asserted that 50-80% of the maximum scour depth is
reached at around 10% of the equilibrium time. By the way,

the primary objective of the present study is to investigate
the scour reduction efficiencies of collars with varying size
and elevation configurations rather than investigating the
maximum scour depth at equilibrium conditions. Therefore,
the selected experimental duration of 6 h was found to be
sufficient in the experiments to assess the scour reduction
performances of collars (Johnson et al. 2001; Kumcu et al.
2007, 2014; Valela et al. 2022).

The experimental conditions of the experiments are listed
in Table 2.

Analysis and discussion of the experimental
results

Within the scope of this study, 162 experiments, 18 of them
without collars, were conducted with constant discharge and
decreasing flow depth (increasing flow velocity and intensity)
for various flow intensities, abutment lengths, collar widths and

Table 2 Summary of the

: e Experiment No L, (cm) 0 (I/s) t (hrs) y (cm) U (m/s) F, U, (m/s) Ulu,
experimental conditions
(SC=Semi-circular end SC1 40 67.8 0-2 174 0.262 0.2 0.3736 0.7
abutment, RC=Rectangular RCI 24 152 0299 024 03736 08
abutment)
4-6 135 0.336 029 03736 0.9
sC2 30 67.8 0-2 17.4 0.262 0.2 0.3736 0.7
RC2 2-4 15.2 0.299 024 03736 0.8
4-6 135 0.336 029 03736 0.9
SC3 20 67.8 0-2 17.4 0.262 0.2 0.3736 0.7
RC3 2-4 15.2 0.299 024 03736 0.8
4-6 135 0.336 029 03736 0.9
70

--k--La=40 cm, Bc=5cm

60 —&— La=30 cm, Bc=5 cm

--k--La=20 cm, Bc=5 cm

% Reduction in Maximum Scour Depth

—0— La=40 cm, Bc=7.5 cm
—o— La=30 ¢cm, Bc=7.5 cm

——La=20 cm, Bc=7.5 cm

- H -La=40 cm, Bc=10 cm
- H -La=30 cm, Bc=10 cm -~

- H -La=20 cm, Be=10 cm

-0.5 -0.45 -0.4 -0.35 -0.3

-0.25 -0.2 -0.15 -0.1 -0.05 0
ZJY,q

Fig.5 Effect of collar size and elevation on the maximum scour depth around semi-circular end abutments (=6 h)
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locations. In the experiments, a stepwise hydrograph having a
total time duration of 6 h was applied with collars to investigate
the performances of collars as a scour countermeasure.

Semi-circular end bridge abutments

Since the temporal change of maximum scour depth is not
analyzed in this section, only the final stages of the experi-
ments are presented and discussed. Figure 5 illustrates the
effect of abutment length, collar size, and elevation on the
maximum scour depth around all tested semi-circular end
abutment lengths in this study.

At the end of the third stage of the experiments, the most
effective collar performances in reducing the scour depths
were obtained for the abutment of length L, =30 cm regard-
less of the collar size and while the least effective perfor-
mances were noted for the abutment of length L, =40 cm.
However, when the collars were positioned at the elevation of
Z./yo7= —0.50, the performances of the collars were better
for the abutment of length L, =40 cm than that of L,=30 cm
aligning with trends observed in the first and second stages
of the experiments. In conclusion, it can be stated that at a
small flow intensity value (U/U,=0.7, t=2 h) the longest
abutment, L, =40 cm, with the largest collar size, B,=10
cm, yields the maximum scour reduction of 72% at the col-
lar elevation of Z_ /y, ;= +0.00. As the value of Z_ /y, ; gets
smaller, —0.25 and then — 0.50, the corresponding maximum
scour reductions exhibited a decreasing trend. The best collar
location regarding the maximum scour reduction remained at
the bed level, Z_/y, ;= +0.00, as the flow intensity increased
(U/U.=0.8, t=4 h and U/U,=0.9, t=6 h). However, the
long abutments experienced greater scour than the short ones,
leading to a reduction in performance of collars around the
abutment of L, =40 cm decreased compared to other abut-
ment lengths tested as the flow intensity increased.

The effect of collar size and flow intensity on the maxi-
mum scour depth around all the semi-circular end abutment
lengths tested in this study is depicted in Fig. 6. When col-
lars were placed at the elevation of Z_/y,,= +0.00 except
the zone of U/U, between 0.7 and 0.8 for abutments of
lengths L,=20 cm and 30 cm, the scour reduction efficien-
cies of the collars for a given abutment length decrease with
increasing U/U,. At the end of the first stage of the experi-
ment with the flow intensity of 0.7, the maximum scour
reductions were observed within a range of 62.50-71.88%
for the abutment of length L, =40 cm. However, at the end
of the third stage of the experiment with the flow intensity of
0.9, smaller scour reduction efficiencies, within the range of
22.36-47.83%, were observed around the abutment of length
L,=40 cm for the collar sizes tested.

At the elevation of Z_ /y,,= — 0.25, the efficiency of the
collars in reducing scour depths decreased for the abutment

of length L, =40 cm with increasing flow intensity. Con-
versely, for the other tested abutment lengths, there was a
general trend of increased collar performance with higher
flow intensity. At the end of the first stage, the most effec-
tive collar performances were recorded for the abutment of
length L, =40 cm. However, at the end of the third stage,
significantly lower collar performances were observed for
the abutment of length L, =40 cm for a given collar size.
Particularly for the shortest abutment of length L, =20 cm
tested in this study, a remarkable increase in collar perfor-
mance was noted during the second and third stages of the
experiments. Furthermore, the collar efficiency was better
for the abutment of length L, =20 cm when compared to
L, =40 cm during this period. The maximum scour reduc-
tions were observed within a range of 35.48-42.74% at the
end of the third stage for the abutment of length L, =30 cm.

When collars were positioned at the elevation of
Z./yo7= —0.50, the scour reduction performances of the col-
lars attached to the abutment of length L, =40 cm surpassed
that of the abutment of length L, =30 cm for a given collar
size during the experiments. However, as the scour depths
increased with increasing flow intensity and time, the scour
reduction performances of the collars attached to the abutment
lengths of L,=30 and 40 cm started to converge with each
other. In other words, as the scouring rate increased, collars
started to give better performances as the abutment length
decreased. In summary, the efficacy of the collars generally
increased with an increase in collar size, independent of abut-
ment length. Larger collars offer enhanced protection against
vortices, resulting in smaller scour holes compared to smaller
collars, making it more challenging for vortices to reach
deeper elevations. During the initial stages of the experiments,
scour formation did not extend to the level of Z_/y,,= —0.5
and —0.25, so those collars did not exhibit significant effects
in reducing scour depth. Moreover, the scour reduction per-
formances of the collars located at Z_ /y,,= —0.5 and—0.25
increased with increasing flow intensity and time due to the
penetration of vortices to deeper locations, resulting in larger
scour depths. Consequently, collars placed below the bed level
would be effective in circumstances with greater scour depth
potentials, such as higher flow intensity, time, and abutment
length.

Rectangular bridge abutments

In Fig. 7, the effect of collar size and elevation on the
maximum scour depth around all the rectangular abutment
lengths tested in this study is illustrated using the data of
third stage experiments.

At the end of the third stage of the experiments, it can be
stated that the efficiency of collars decreased with increasing
abutment length for a given collar elevation. At the elevation
of Z./yy7= —0.25,20.00, the performance of the collar of
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«Fig.6 a Effect of collar size and flow intensity on the maximum
scour depth around semi-circular end abutments for Z_/y,,= +0.00.
b Effect of collar size and flow intensity on the maximum scour depth
around semi-circular end abutments for Z./y,,= —0.25. ¢ Effect of
collar size and flow intensity on the maximum scour depth around
semi-circular end abutments for Z_ /y,,= —0.50

B,=10 cm that attached to the abutments of lengths L, =20
and 30 cm were nearly identical while the efficiencies of the
collars of B,=5 and 7.5 cm gave better results in reducing
the maximum scour depth around the abutment of length
L,=20 cm than L,=30 cm. At the end of the 6 h, the best
collar performances were obtained for the abutment of
length L, =30 cm having a collar size of B,=10 cm and the
worst ones were observed for the abutment of length L, =40
cm with B.=5 cm.

The effect of collar size and flow intensity on the maxi-
mum scour depth around all the rectangular abutment lengths
examined in this study is depicted in Fig. 8. Except for some
abutment-collar arrangements; L,=30 cm with B,=7.5 cm
and 10 cm, and L, =20 cm with B,=5 cm and 7.5 cm in the
zone of U/U_ between 0.7 and 0.8, scour reduction perfor-
mances decreased as U/U, increased for all cases tested in
this study for a given abutment length and collar size when
collars were placed at the elevation of Z_/y,,; = +0.00.
The efficiency of collars decreased as the abutment length
increased with increasing flow intensity and time. At the end
of the first and second stages of the experiments with the
flow intensities of 0.7 and 0.8, respectively, the efficiencies
of the collars did not exhibit significant differences for the

60

abutment lengths of L, =20 and 30 cm. However, for the
abutment of length L, =40 cm, the collar efficiencies experi-
enced a notable decrease. Between the 4th and 6th hours of
the experiment with the flow intensity of 0.9, the efficiencies
of the collars for the longer abutments of lengths L, =30 and
40 cm decreased while for the shorter abutment of length,
L, =20 cm increased.

At the elevation of Z_/y,, = —0.25, making conclusive
remarks about the effect of abutment length on the scour
reduction performances of the collars was challenging at the
end of the first and second stages of the experiments. During
these phases, the maximum scour reductions were recorded
for the abutments of lengths L, =30 and 40 cm having a
collar of B,=10 cm, respectively. However, between the 4th
and 6th hours of the experiments, the efficiencies of the col-
lars attached to the abutment of length L, =40 cm witnessed
a significant decline with increasing flow intensity, resulting
in the worst scour reductions for this abutment length for a
given collar size. Furthermore, the maximum scour reduc-
tions for a given collar size were noted for the shortest abut-
ment of length L, =20 cm except in the case of U/U.=0.7.
Consequently, it can be inferred that the efficiencies of the
collars diminished as the abutment length increased dur-
ing periods of high flow intensities. When collars were
tested at the elevation of Z_/y,,= —0.50, the scour reduc-
tion performances of the collars attached to the abutment of
length L, =40 cm were generally better than the abutment
of length L, =30 cm for a given collar size. However, after
the 4th hour of the experiments, when the flow intensity
value increased to 0.9, the collars became more efficient for
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50 --k--La=20 cm, Bc=5 cm
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Fig. 7 Effect of collar size and elevation on the maximum scour depth around rectangular abutments (=6 h)

@ Springer



Acta Geophysica

—~
&

)

% Reduction in Maximum Scour
Depth

.
=2

)

% Reduction in Maximum Scour
Depth

(©

60
--k--La=40 cm, Bc=5 cm —e—La=40 cm, Bc=7.5 cm - = -La=40 cm, Bc=10 cm
55 --&--La=30 cm, Bc=5 cm —e— La=30 cm, Bc=7.5 cm - ® -La=30 cm, Bc=10 cm
50 M=——- e ____ --k--La=20 cm, Bc=5 cm —8—La=20 cm, Bc=7.5 cm - B -La=20 cm, Bc=10 cm
45
40
35 90 — o~
30 | S=Smaaa. Tee
5 TSmmee =
s e i
15 o lItseenzziTTTTT
L i ittt L L DL DL DL DL P LT L e-mmTTTTT T~ Tl
S
T e T T
e T T
0 ===
0.7 0.8
U/,
60
-=-&--La=40 cm, Bc=5 cm —e—La=40 cm, Bc=7.5 cm - # -La=40 cm, Bc=10 cm
55 --x--La=30 cm, Bc=5 cm —e— La=30 cm, Bc=7.5 cm - # -La=30 cm, Bc=10 cm
50 --k--La=20 cm, Bc=5 cm —o—La=20 cm, Bc=7.5 cm - B -La=20 cm, Bc=10 cm

% Reduction in Maximum Scour Depth

--&--La=40 cm, Bc=5 cm

—eo—La=40 cm, Bc=7.5 cm

- ® -La=40 cm, Bc=10 cm

5 ==&--La=30 cm, Bc=5 cm —eo—La=30 cm, Bc=7.5 cm - = -La=30 cm, Bc=10 cm
0
0.7 0.8
U/U,

@ Springer

0.9



Acta Geophysica

«Fig.8 a Effect of collar size and flow intensity on the maximum
scour depth around rectangular end abutment for Z /y,,= +0.00. b
Effect of collar size and flow intensity on the maximum scour depth
around rectangular end abutment for Z_ /y,,= —0.25. ¢ Effect of col-
lar size and flow intensity on the maximum scour depth around rec-
tangular end abutment for Z_ /y,,= —0.50

the abutment of length L, =30 cm. Between the 4th and 6th
hours, the efficiencies of the collars attached to the abutment
of length L, =40 cm dramatically decreased while L,=30
cm increased. Thus, based on the experimental results, it can
be revealed that as the scouring rate increased, collars started
to be more effective as the abutment length decreased.

In summary, collars with larger widths demonstrated greater
effectiveness in minimizing the maximum scour depth around
abutments, regardless of the abutment length. This is attributed
to the enhanced protective capacity of larger collars against
vortices, resulting in the creation of smaller scour holes com-
pared to those associated with smaller collars. Throughout
the experiments, the maximum scour reductions were gener-
ally observed when the collars were placed at the elevation
of Z./vo7= —0.25. However, during the initial stages of the
experiments with the flow intensity of 0.7, for the abutment of
length L, =20 cm the maximum scour reductions were recorded
at the elevation of Z_ /y, ; = +0.00 and at the end of the third
stage of the experiments, for the abutment of length L, =40 cm,
the maximum scour reductions were recorded at the elevation of
Z./yo-= —0.50. Since the scour formation was greater around
the abutment of length L, =40 cm than those of L, =20 cm, the

scour formation reached into the deeper locations below the bed
level and the maximum scour depth increased with increasing
flow intensity and time. Hence, the collars that were placed at
the elevation of Z_ /y, ;= —0.50 gave better results in reduc-
ing the maximum scour depth around longer abutment lengths
such as L, =40 cm having higher flow intensity value and dura-
tion, U/U,=0.9 and =6 h, while the collars at the elevation
of Z, /y, 7= +0.00, gave better results around shorter abutment
lengths such as L, =20 cm having smaller flow intensity and test
duration, U/U,=0.7, t=2h.

Comparison of the scour reduction performances
of the collars around semi-circular end
and rectangular bridge abutments

The comparison of the scour reduction efficiencies for both
semi-circular end and rectangular collars attached to semi-
circular end and rectangular abutments, respectively, is pre-
sented in this subsection. In the related figures, semi-circular
end and rectangular abutments are denoted as SC and RC,
respectively.

In Fig. 9, a comparative analysis is presented regarding
the scour reduction performances of various collar sizes and
elevations around semi-circular end and rectangular abut-
ments of length L, =40 cm is presented.

At the end of the third stage of the experiments, regard-
less of the collar elevations, whether at the bed level or
below it, semi-circular collars attached to semi-circular
end abutments exhibited greater efficiency than rectangular

55
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Fig.9 Comparison of the effects of collar size and elevation on the maximum scour depth around semi-circular end and rectangular abutments

of length L,=40 cm (=6 h)
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«Fig. 10 a Comparison of the effect of collar size and flow intensity
on the maximum scour depth around semi-circular end and rectangu-
lar abutments of L, =40 cm for Z_/y,,= +0.00. b Comparison of the
effect of collar size and flow intensity on the maximum scour depth
around semi-circular end and rectangular abutments of L, =40 cm for
Z./yo7= —0.25. ¢ Comparison of the effect of collar size and flow
intensity on the maximum scour depth around semi-circular end and
rectangular abutments of L, =40 cm for Z_/y,,= —0.50

collars attached to rectangular abutment for a given collar
width. Nonetheless, it should be noted that the efficiencies of
the semi-circular end and rectangular collars converged with
each other when the collars were placed deeper into the bed
material. In other words, the efficiencies of the rectangular
collars attached to the rectangular abutment are found to be
more effective below the bed level. As a final comment, it
can be underlined that at the end of each stage, semi-circu-
lar end collars attached to the semi-circular end abutment
showed better performances compared to rectangular collars
attached to the rectangular abutment almost at any Z,/y,,
value tested. The best efficiencies in reducing the maximum
scour depth were attained when the collars were placed at
the bed level, Z, /y,,=+0.00.

In Fig. 10, the comparative analysis of the scour reduc-
tion performances of various collar sizes and flow inten-
sities around semi-circular end and rectangular abutments
of length L, =40 cm is depicted. When the collars were
placed at the elevation of Z_ /y, ;= +0.00, the scour reduc-
tion performances of the semi-circular end collars attached
to the semi-circular abutment were observed greater than
the rectangular collars attached to the rectangular abutment
at any flow intensity tested, except the case of L,=40 cm
with B,=10 cm for U/U_,=0.8, for a given collar width.
Nevertheless, both collar shapes around both abutment
shapes exhibited decreasing efficiencies with increasing
flow intensity and time. On the other hand, at the eleva-
tion of Z, /y,,= —0.25, at the initial and final stages of the
experiments, the efficiencies of the semi-circular end collars
attached to the semi-circular end abutment were observed
greater than those of the rectangular collars attached to the
rectangular abutment for a given collar width. On the con-
trary, at the end of the second stage of the experiment with
the flow intensity of 0.8, the rectangular collars of B,=7.5
and 10 cm attached to the rectangular abutment were found
to be more effective in reducing the maximum scour depth
than the semi-circular end collars attached to the semi-cir-
cular end abutment.

Finally, when the collars were placed at the elevation
of Z,/y,,= —0.50, the efficiencies of the rectangular col-
lars attached to the rectangular abutment diminished with
increasing flow intensity and time. On the contrary, the effi-
ciencies of semi-circular end collars attached to the semi-
circular end abutment showed an upward trend over time.
Consequently, at the end of 2nd hour with a flow intensity

of 0.7, rectangular collars attached to the rectangular abut-
ment were deemed more efficient for a given collar width
at this elevation. However, at the end of the 6th hour after
applying each flow intensities of 0.7, 0.8, and 0.9 for 2 h
each, semi-circular end collars attached to the semi-circular
end abutment were observed as more effective in reducing
the maximum scour depth compared to rectangular collars
attached to the rectangular abutment for a given collar width.
In conclusion, considering the effect of abutment and col-
lar shape on the reduction of maximum scour depth, it can
be asserted that semi-circular end collars attached to the
semi-circular end abutment exhibit greater effectiveness than
rectangular collars attached to the rectangular abutment at
the end of the experimental duration of the 6-h under vary-
ing flow intensities.

The comparison of the scour reduction performances
of the varying collar sizes and elevations around the semi-
circular end and rectangular abutments of length L, =30 cm
is presented in Fig. 11 with the data of third stage experi-
ments only.

In Fig. 12, the analysis of the scour reduction perfor-
mances of different collar sizes and flow intensities around
the semi-circular end and rectangular abutments of length
L,=30 cm is illustrated. The results consistently demon-
strate that, when the collars were placed at the elevation of
Z./yy7 = +0.00, the scour reduction performances of the
semi-circular end collars attached to the semi-circular end
abutment surpassed those of the rectangular collars attached
to the rectangular abutment across all flow intensities and
time durations for a given collar width.

On the other hand, at the elevation of Z, /y,; = —0.25, the
maximum scour reductions were observed for the rectangular
collar of B,=10 cm attached to the rectangular abutment for
all the flow intensities tested. During the first stage of the
experiments with a flow intensity of 0.7, the rectangular col-
lars attached to the rectangular abutment exhibited higher
efficiency compared to the semi-circular end collars attached
to the semi-circular end abutment for a given collar width.
Nevertheless, as the flow intensity and time increased, the
efficiency of rectangular collars attached to the rectangular
abutment decreased. In other words, at the end of the second
and third stages of the experiments, at the elevation of Z, /y,, ,
= —0.25, it was shown that the semi-circular end collars
attached to semi-circular end abutment were more effective
in reducing the maximum scour depth except for the rectangu-
lar collar of B.=10 cm attached to the rectangular abutment.

Finally, when collars were placed at the elevation of
Z./yo7 = —0.50, the maximum scour reductions were
recorded for the rectangular collars attached to the rectan-
gular abutment for a given collar width and flow intensity.

In Fig. 13, the comparison of the scour reduction perfor-
mances of the varying collar sizes and elevations around
the semi-circular end and rectangular abutments of length
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L,=20 cm is given. At the end of the third stage of the
experiments, at the elevation of Z_/y,,= +0.00, the semi-
circular end collars attached to semi-circular end abutment
gave better performances in reducing the maximum scour
depth relative to the rectangular collars attached to the rec-
tangular abutment for a given collar width.

However, when the collars were positioned below the bed
level, Z,/y,,= —0.25, the performances of the rectangular
collars attached to the rectangular abutment increased while
the semi-circular end collars attached to the semi-circular
end abutment decreased. At these stages of the experiments,
the maximum scour depths were recorded for the semi-cir-
cular end collars of B,=7.5 and 10 cm attached to semi-cir-
cular end abutment at the elevation of Z_/y, ;= +0.00 while
for the rectangular collars of B,=7.5 and 10 cm attached to
the rectangular abutment at the elevation of Z_ /y,,= —0.25.

In Fig. 14, the comparison of scour reduction perfor-
mances involving various collar sizes and flow intensi-
ties around semi-circular end and rectangular abutments
of length L, =20 cm is depicted. When the collars were
placed at the elevation of Z_ /y, ;= +0.00, the scour reduc-
tion performances of the rectangular collars of B,=7.5 and
10 cm attached to the rectangular abutment were generally
observed greater than those of the semi-circular end col-
lars attached to the semi-circular end abutment during the
first 2 h of the experiments having the flow intensity of 0.7.
However, as the flow intensity increased, the scour reduc-
tion efficiency of the semi-circular end collars attached to
the semi-circular end abutment was found to be better when
compared to rectangular collars attached to rectangular abut-
ment for a given collar width and flow intensity.

On the other hand, at the elevation of Z_ /y,,= —0.25,
the rectangular collars attached to the rectangular abutment
showed better performances in reducing the maximum scour
depth than the semi-circular end collars attached to semi-
circular end abutment at any flow intensity tested.

In summary, both semi-circular end and rectangular
collars play a crucial role in reducing scour depths around
abutments. For the abutment of length L, =40 cm, the semi-
circular end collars around the semi-circular end abutment
consistently exhibited more effective results in reducing
the maximum scour depth compared to rectangular collars
around rectangular abutments. This situation may be attrib-
uted to the sharp characteristics of rectangular abutments,
inducing stronger vortices and higher bed shear stress,
resulting in more significant scour depths compared to the
semi-circular end ones. However, as the abutment length
decreased (i.e., L, =20 and 30 cm), the rectangular collars
attached to the rectangular abutments gave better perfor-
mances than the semi-circular collars attached to semi-
circular abutments when the collars were placed below the
bed level (i.e., Z./y, 7= —0.50 and —0.25). Notably, the effi-
ciencies of the rectangular collars attached to rectangular
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abutments increased with increasing flow intensity and time.
Based on the experimental results, semi-circular collars
attached to semi-circular end abutments achieved a reduction
in maximum scour depth of up to 72%, while rectangular
collars attached to rectangular abutments reduced the maxi-
mum scour depth by up to 51%. Table 3 details the ranges
of minimum and maximum reductions in maximum scour
depths around semi-circular end and rectangular abutments
as a function of Z_/y, ; and flow intensity.

Maximum scour depths around the abutments

As an alternative way to demonstrate the relationship between
the dimensionless maximum scour depth and abutment-collar
sizes, variation of [(d,).x /y] and 4/0(L,/B,) is illustrated
in Figs. 15 and 16 for the semi-circular end and rectangular
abutments, respectively. The 0 parameter represents the ratio
of the total area of the abutment with collar to the area of the
abutment on the horizontal plane:

A +A

abutment collar
abutment
where A imen: and A g1, are the areas of the abutment and

collar on the plan view, respectively. 0 values are used to
represent the effect of the areal sizes of the abutment models
with collars on the reduction of scour around the abutments.
The increase in the 6 value, for a given abutment length,
means an increase in the collar width.

Figure 15 shows that the dimensionless maximum scour
depth increases with increasing 1/6(L, /B,) for semi-circular
end abutments. The general trend of the data points indicated
that the dimensionless maximum scour depth increases when
the collar was placed below bed level. However, at the end of
the third stage, for the 1/0(L, /B,) values greater than 3.80, the
collars placed at the elevation of Z_ /y, ;= —0.50 led to smaller
maximum scour depths when compared to the collars at the
elevation of Z_/y,,= —0.25. Similar to the semi-circular end
abutments, the dimensionless maximum scour depth around the
rectangular abutments increased with increasing 4/0(L, /B,).

Figure 16 demonstrates that the dimensionless maxi-
mum scour depth around the rectangular abutments gener-
ally decreased when the collars were placed below the bed
level contrary to the semi-circular end abutments. Only at
the end of the first stage of the experiments, the maximum
dimensionless scour depths were obtained when the collars
were placed at the elevation of Z_ /y, ;= —0.50.

From Figs. 15 and 16, for known 6, L,/B. and Z_/y,
values within the ranges of this study, [(dy),x /¥] values can
be determined for collar applications on semi-circular end
and rectangular abutments. The linear relationships between
[(d9)max/¥] and \/O(L,/B,) for various flow intensities, col-
lar elevations and test durations are listed in Tables 4 and 5.
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Additionally, to illustrate the effect of flow intensity and
test duration on the correlation between the dimensionless
maximum scour depth and abutment-collar sizes, variation

of [(d) max /y] With/O(L, /B, )exp ( UE )exp(ti) as a function
c P

of collar elevations is presented in Figs. 17 and 18 for the
semi-circular end and rectangular abutments, respectively.
These figures indicate that the dimensionless maximum
scour depths not only increase with increasing abutment size
and decreasing collar size but also increase with increasing
flow intensity and test duration for both semi-circular end
and rectangular abutments at a given collar elevation. Fur-

thermore, as 4/0(L, /B )exp ( UE >exp(ti) values increased the
c P

efficiencies of the collars below the bed level increased due
to the greater scour depths observed around longer abutment
lengths (i.e., L,=40 cm) and longer test durations with
greater flow intensities. For semi-circular end abutments, the
maximum dimensionless scour depths generally increased
as the collar was located deeper into the bed level as dis-
cussed in previous subsections. However, the maximum
dimensionless scour depths were observed greater when the
collar was placed at the elevation of Z_/y,,= —0.25 com-
pared to those at the elevation of Z_/y, ;= —0.50 in the case

of \/B(L, /Bc)exp(ﬁ )exp(tl) > 27.
On the other hand, for the rectangular abutments, the

greatest and lowest maximum dimensionless scour depths
were obtained at the elevations of Z /y,,= —0.50

and —0.25, respectively, for \/G(La/Bc)exp<U£ )exp(%)
c P

< In addition, in this range, the dimensionless scour

depth values at Z_/y,,= —0.25 and +0.00 were obtained
close to each other. Between the range of

22 < \/G(La/BC)exp<U£C>exp(é> < 25, the greatest maxi-

mum dimensionless scour depths were obtained at the eleva-
tion of Z_ /y,,= £0.00 while the lowest ones were obtained
at the elevation of Z_ /y,;= —0.25. Finally, when

1/0(L,/B.)exp < UH )exp ( ti ) > 25, again the greatest maxi-
¢ P

mum dimensionless scour depths were obtained at the eleva-
tion of Z_/y,,= +0.00 and — 0.50, respectively.

Summary and conclusions

This study investigated the efficacy of collars in reducing
scour depths around semi-circular end and rectangular
bridge abutments in conditions of unsteady-state clear-water
approach flow. A prolonged stepwise hydrograph, simulat-
ing a 6-h flood scenario, was employed. This hydrograph,
characterized by flow intensity, consisted of three distinct
steps, each lasting 2 h. Various sizes of semi-circular end
and rectangular collars were positioned at different eleva-
tions relative to the bed level around the semi-circular end
and rectangular abutments, respectively, to investigate the
effect of abutment length, flow intensity, time, collar size,
and collar elevation on the scour reduction performances

70
-=-k--La=30 cm, Bc=5 cm SC —— La=30 cm, Bc=7.5 cm SC - M -La=30 cm, Bc=10 cm SC
60 La=30 cm, Bc=5 cm RC La=30 cm, Bc=7.5 cm RC La=30 cm, Bc=10 cm RC _ -
50
40 /:“/“1-—- ----------------------

% Reduction in Maximum Scour Depth

el e - T T =
30 g ---o === e
ho-em=t

20
10

0

-0.5 -0.25 0
Zc/y0.7

Fig. 11 Comparison of the effects of collar size and elevation on the maximum scour depth around semi-circular end and rectangular abutments

of length L,=30 cm (=6 h)
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«Fig. 12 a Comparison of the effect of collar size and flow intensity
on the maximum scour depth around semi-circular end and rectangu-
lar abutments of length L,=30 cm for Z_/y,,= +0.00. b Compari-

son

of the effect of collar size and flow intensity on the maximum

scour depth around semi-circular end and rectangular abutments of
length L,=30 cm for Z_/y,,= —0.25. ¢ Comparison of the effect of
collar size and flow intensity on the maximum scour depth around
semi-circular end and rectangular abutments of length L, =30 cm for
Z./yo7= —0.50

of the collars. The conclusions drawn from this study are
listed as follows:

% Reduction in Maximum Scour Depth

A collar attached to a bridge abutment plays a crucial
role in diverting the direct force of downward-flowing
water, redirecting it toward the sediment. This function
can be conceptualized as a mechanism that effectively
interrupts the downward movement, akin to a "down-
flow-halting" process. This effect becomes especially
significant during the initiation of scour holes, where
collars serve as a barrier to the development of second-
ary vortices encircling the abutment, as explained by
Li 2005. Consequently, a key observation derived from
this investigation highlights the pronounced efficacy
of collars as a preventive measure against scour. Their
application demonstrates notable success in reducing or
preventing scour development around both semi-circular
and rectangular abutments.

60

The general trend observed is that with an increase in
collar size, the scour reduction efficiencies of the collars
tend to increase regardless of the abutment length and
shape. This is attributed to the larger collars being more
effective in impeding the penetration of vortices into
deeper elevations.

As the potential for increased scour depths arises due
to factors such as much longer abutments, a blunt abut-
ment shape, higher flow intensity values, and extended
test duration, the efficiencies of collars positioned below
the bed level (i.e., Z_/y,,= —0.50 and — 0.25) increased.
However, for the smaller scour depth potential, the col-
lars placed at the bed level, Z, /y, ;= =+ 0.00 were found
to be better in reducing the maximum scour depths
around the abutments. Consequently, for the semi-
circular end abutments tested in this study, the most
efficient collar performances were generally observed
when the collars were placed at the elevation of Z_/y,,
=+0.00. On the contrary, the collars were placed at the
elevations of Z_/y,,= —0.50 and —0.25 generally gave
better results in reducing the maximum scour depth for
rectangular abutments.

The scour reduction performances of the collars at
the elevations of Z_/y,,= —0.25 and +0.00 generally
decreased with increasing flow intensity and test dura-
tion regardless of the abutment shape while at the eleva-
tion of Z_/y, ;= —0.50 increased.

--k--La=20 cm, Bc=5 cm SC

33| --k--La=20 cm, Be=5 cm RC

—0— La=20 cm, Bc=7.5 cm SC
—0— La=20 cm, Bc=7.5 cm RC

— B -La=20 cm, Bc=10 cm SC
- B -La=20 cm, Bc=10 cm RC

—

-
-~
~——o
-
-~
~~—o
-~

-0.25

Zc/y0.7

Fig. 13 Comparison of the effects of collar size and elevation on the maximum scour depth around semi-circular end and rectangular abutments
of length L, =20 cm (=6 h)
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Fig. 14 a Comparison of the effect of collar size and flow intensity on
the maximum scour depth around semi-circular end and rectangular
abutments of length L,=20 cm for Z_/y,,= +0.00. b Comparison

5. Based on the experimental findings, the semi-circular
end collars, when placed around semi-circular end abut-
ments, demonstrated a scour depth reduction of up to
approximately 72%, whereas rectangular collars around
rectangular abutments achieved a reduction of around
52%.

6. The dimensionless maximum scour depth with a col-
lar, [(dg)max.c/y], increased regardless of abutment
shape, flow intensity and test duration with increasing
y/6(L,/B,) value, where L,/B_ denotes the abutment
length and collar size ratio and € present the effect of
areal sizes of the abutment models with collars on the
reduction of maximum scour around the abutments.

@ Springer
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of the effect of collar size and flow intensity on the maximum scour
depth around semi-circular end and rectangular abutments of length
L,=20cm for Z /y,,= —0.25

Also, the linear relationships between [(d),,,x /v] and
y/0(L,/B,) with varying flow intensities, collar eleva-
tions and test durations are listed in Tables 4 and 5.

Variation of [(dy). /y] and /0(L, / Bc)exp<U% )exp(é)
shown in Figs. 17 and 18 for the semi-circular end and
rectangular abutments showed that the efficiencies of the
collars located below the bed level increased as

1/0(L, /B, )exp ( UE >exp(ti) values increased.
c P

As part of abutment scour and its countermeasures tech-

niques there are still a number of interesting subjects that
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Table 3 The ranges of

o : 2.0<L/B,<8.0
minimum and maximum %

reductions in maximum scour Z. /Yo7 t (hour) U/,
depths around semi-circular
end and rectangular abutments

The range of % reduction in maximum scour depth

Semi-circular end collars attached to ~ Rectangular collars attached

tested the semi-circular end abutments to the rectangular abutments
+0.00 2 0.7 23.08-71.88 12.70-50.79
4 0.8 28.46-62.31 8.19-47.24
6 0.9 22.36-63.71 0.48-40.50
-0.25 2 0.7 0.00-50.00 30.95-48.60
4 0.8 1.14-42.55 25.20-47.37
6 0.9 19.25-42.74 1.90-45.45
-0.50 2 0.7 0.00-9.38 18.69-36.84
4 0.8 7.45-30.77 27.49-39.18
6 0.9 23.39-33.54 10.95-39.51
1.2
m t=2h,U/U=0.7,Z.U/y,,==0.00
1 & t=2h,U/U=0.7, ZJy,,=-0.25
A t=2h,U/U=0.7, Z[y,,=-0.50
0.8
x t=4h, U/U=0.8, Z/y,,=£0.00
=
é“ 0.6 X t=4h, UU=038, ZJy,,=-0.25
g - t=4h,U/U=0.8,Z./y,,;=-0.50
~ 04
+ t=6h, U/U=0.9, Z.y,,==0.00
02 O t=6h,U/U=0.9, Z/y,,=-0.25
< t=6h,U/U=0.9,Z/y,,=-0.50
0
0 0.5 1 1.5 2 2.5 3 35 4 4.5

Fig. 15 Variation of [(d,)

warrant additional research. Some of them are provided
below for potential future research:

1. Current studies in the literature have been mainly car-
ried out under clear-water scour conditions rather than
live-bed scour conditions. To get a better understanding
of the abutment scour and the efficiency of its counter-
measures, experiments should be conducted under live-
bed scour conditions.

VO(La/Bc)

2.

max.c/¥] With 4/0(L, /B,) for semi-circular end abutments

It is important to test and compare the scour reduction
efficiencies of the recently introduced collar shapes such
as airfoil and streamlined shapes, with those of the tradi-
tional ones, including rectangular and semi-circular end
collars.

The scour reduction performances of various flow-alter-
ing countermeasures, such as slots and vanes, should
also be examined under unsteady-state flow conditions.
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1.8
e ™ E2h,UU=07, Z/y,,=+0.00
t=2h, U/U= 0.7, ZJy,,= -0.25
1.4
t=2h, U/U= 0.7, Z/y, ,= -0.50
1.2
t=4h, U/U=0.8, Z Jy, ;= £0.00
S
3 t=4h, U/U= 0.8, Z /y, ;= 0.25
=
S 0.8 t=4h, U/U=0.8, Z/y,,=-0.50
0.6 t=6 h, U/U= 0.9, Z /y, ,= %0.00
04 t=6h, U/U= 0.9, Z /y, ,= -0.25
t=6h, U/U= 0.9, Z /y, ,= -0.50
0.2
0
0 0.5 1 1.5 2 2.5 3 3.5 4.5
VO(La/Bc)
Fig. 16 Variation of [(d) . /y] With 4/6(L,/B,) for rectangular abutments
Table 4 The linear relationships Equation Iz
between [(d) /] and
0(L,/B,) for semi-circular end t=2h, U/U,=0.7, Z Iy, ,= +£0.00 L 0.4548
abutments with varying flow [(ds)max,c/y] =0.0837 9(—a> 0.1264
intensities, collar elevations and
test durations t=2h, U/UC =0.7, Zc/y0_7 =-0.25 L 0.8239
[(d) /3] = 012431 f6( ) ~ 0.205
t=2h, U/U,=0.7, Z/y,,=—0.50 0.5831
Yo7 [(0) /y] = 0.1553y fo( & ) — 0.1358
t=4h, U/U,=0.8, Z/y,,=+0.00 0.9117
Yo7 [(0) e /y] = 033781 /0( ) — 08836
t=4h, U/U,=0.8, Z/y,,=—0.25 0.8984
[(d) 0o /3] = 02895 f0( 3 ) - 0.622
t=4h, U/U,=0.8, Z/y,;=—0.50 0.6321
@07 [(d) ee/y] = 011751 [0( 3 ) +0.1359
t=6h, U/U,=0.9, Z/y,;=+0.00 0.9250
¢ @Jo7 [(d),pec /3] = 050891 [0( 3 ) — 12871
max, c B,
t=6h, U/U,=0.9, Z/y,;,=—-0.25 0.9095
Y07 [ /y] = 0.4925 6(5)—1 1217
max,c B,
t=6h, U/U,=0.9, Z/y,;,=—0.50 0.8969
¢ <07 [ /y] = 0.2692 (L—) 0.2593
max,c B

@ Springer




Acta Geophysica

Table 5 The linear relationships
between [(d) /] and

1/0(L,/B,.) for rectangular

abutments with varying flow
intensities, collar elevations and
test durations

1.1

B Z,/y,=+0.00

0.9
y = 0.0628¢0-0891x
0.8 R2=0.7747
0.7
_ & Z.lyy,=-025
<
Z 06
Y ¥ = 0.1025¢0-0774x
£ 05 2=0.8097
~>
S 04 4 Zlyy,=-050
03 y = 0.3053¢0-0366x
R*=0.8923
0.2
0.1
0
2 4 6

Equation R?

t=2h, U/U,=0.7, Z/y,,=+0.00 [( s)maxvc/Y] 03134 9(;—‘:) 07334 0.8966
t=2h, U/U,=0.7, Z Jyy;= —0.25 [( s)maxyc/Y] 0219 6(;—:) 04281 0.9323
t=2h, U/U,=0.7, ZJy,,=—0.50 [( s)maxyc/Y] 01325 9(]1;—:)4' i 0.6166
t=4h, U/U,=0.8, Z/y,,= +0.00 [( s)maxyc/)’] 03378 6(%)  0.8836 0.9117
t=4h, U/U,=0.8, ZJy,,=—0.25 [( S)mﬂx,c/y] 04189 6(%) 0.9722 0.9723
t=4h,U/U,=0.8, Z/y,,=—0.50 [< S)max,c/y] — 03580 e(;—i)_i_ oo 0.8828
t=6h, U/U,=0.9, Z/y,,= +0.00 [(ds)max,c/}’] — 08933 6(;—) 143 0.9142
t=6h, UIU,=09, Z/y,,=—-0.25 [( s)max,c/}’] 08784 6(;—) 5236 0.9430
t=6h, U/U,=0.9, ZJy,;=—0.50 [< S)max,c/}’] — 0.9094 6(]};—) 5429 0.9473

8 10 12 14 16 18 20 22 24 26 28 30

U
VOB exp (i exp)
c P

Fig. 17 Variation of [(dy) /Y] With y/0(L,/B,)exp ( UE )exp( ti ) for semi-circular end abutments
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1.7
1.6
1.5 B ZJyy;=+0.00
14 ¥ = 0.1522¢00795
13 R’ =0.7693
12
1.1 Z.1yy,=-0.25
— 1 y = 0.1474¢0-0763x
z 0.9 R2=0.8133
08
S o7 A Zclyos=-050
§ 0.6 y = 0.3006e"-0483x ,
' 2 =(.8685
05 il
0.4 -
0.3 3
||
0.2 3
0.1
0
6 8 10 12 14 6

18 20 22 24 26 28 30

U
V8(L./B) exp (U—) exp()
c p

Fig. 18 Variation of [(d,) . /y] With \/O(L,/B.)exp ( UE )exp( ti ) for rectangular abutments
¢ P
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