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Abstract: The causes of many bridge failures have been reported to be local scour around abutments.
This study examines roughening elements as devices with which to intercept the downflow responsi-
ble for the formation of the principal vortex, which is what triggers local scour around abutments.
Two vertical wall abutments with different widths were examined under four different hydraulic
conditions in a clear-water regime. Elements with different thicknesses (t) and protrusions (P) with
the same dimensions, P=t=0.05L,0.1L,0.2L, and 0.3 L, where L is the length of the abutment) and
with varying depths of installation (Z) were considered. Elements were installed in two positions:
between the sediment surface and water elevation and buried within the sediment. To determine
the optimum depth of installation, one element was first installed on the sediment surface, and the
number of elements was increased in each subsequent test. The results show that installing elements
between water surface elevation and the sediment’s initial level did not show any defined trend on
scour depth reduction. However, the optimum installation depth of the elements is 0.6-0.8 L below
the initial bed level. Moreover, the roughening elements with thickness and protrusion of P=t=0.2 L
resulted in the most effective protection of the foundation. The best arrangement, (P =t=0.2 L and
Z =>0.6-0.8 L) reduced the maximum scour depth by up to 30.4% and 32.8% for the abutment with
smaller and larger widths, respectively.

Keywords: roughening elements; bridge foundation; river engineering; depth of installation;
flow altering

1. Introduction

Ref. [1] have reported that, among 383 bridge failures in the U.S., 72% were due to
local scour around the abutments. Vortex formation around bridge foundations imposes
excessive stress on the bed, increases erosion rate, degrades the streambed, and triggers a
scour hole. To establish a clear outlook toward abutment scour, it is vital to understand
the flow field around it (Figure 1). Three main factors trigger scour around abutments,
namely downflow, primary vortex, and wake vortices [2]. The pressure gradient at the
upstream side of the abutment drives the flow toward the bed, which, in turn, returns up
and develops a primary vortex. These two factors excavate the parent materials and create
a hole at the abutment tip. At the downstream side of the abutment, flow separation causes
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upward flow, known as wake vortices, that sweep and entrain sediments particles away
from the abutment, as demonstrated in Figure 1. The three-dimensional flow field around a
bridge foundation is detailed by [3—6]. Recent numerical studies have also been conducted
to predict flow field and scour around inline hydraulic structures. A comprehensive study
by [7] can be referred to as an example.

L

Figure 1. Flow field around an abutment, roughening elements at abutment upstream face.

To cope with local scour around bridge abutments, three approaches are available.
One approach is to apply no scour countermeasure, and instead, the bridge foundation is
constructed deeper than the equilibrium scour depth. In this approach, accurate estimation
of scour depth is crucial, and long-term tests need to be conducted under desired hydraulic
conditions. Ref. [8] evaluated local scour in a non-uniform gravel bed and used both
laboratory and field data. They proposed new K-factors for the Melville and Coleman
relation and developed a new relation to estimate maximum scour depth. Ref. [9] proposed
a new equilibrium scour depth relation by estimating the total sediment transport around a
bridge pier exposed to local scour. Various researchers have attempted to develop relations
to estimate local scour around bridge foundation, and a list of empirical relations can
be found in [10], describing the ultimate scour depth as a function of flow, sediment,
foundation, and channel properties. The relations are valid under certain conditions, such
as live bed or clear water. A second approach involves an increase in the resistance of the
bed material by the placement of different coatings. In this method, heavy elements are
installed to create a physical barrier that enhances sediment stability against approaching
flow, and includes the placement of riprap, concrete blocks, gabions, etc. Various researchers
have studied this approach, such as [11-14]. Most of these studies aimed to introduce
relations for designing the size and placement extent of the pieces. Finally, for the third
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approach the flow is altered or deviated from the foundation to reduce erosive factors,
followed by installation of collars, slots, submerged vanes, sacrificial piles [6,15-24]. These
studies aimed to determine the geometric properties and effectiveness of the proposed
methods. Some other researchers have studied the combination of both methods. Ref. [25]
investigated the application of riprap alone and a combination of riprap and collar for scour
countermeasures around rectangular bridge piers aligned with the flow. They developed
relations for predicting stable riprap size and extent with different aspect ratios and skew
angles of piers. They concluded that increasing the skew angle and aspect ratio of the
piers increase the required riprap size and extent. Ref. [26] conducted similar studies
(combination of riprap and collar) for cylindrical piers and tested seven riprap sizes with
two different dimensions of collars. Their results show that the application of collar reduces
stable riprap size and extension. Ref. [27] conducted 48 laboratory experiments to study the
combination of riprap and Six Pillar Concrete (SPC) elements on scour mitigation around
a vertical wall bridge abutment. They concluded that SPC elements deviate the flow and
scour from the abutment tip. Moreover, they found that the installation of pebbles around
pillars enhances the stability of the SPC elements, prevents edge failure, and reduces
abutment scour depth.

Among flow altering devices, the use of roughening elements is a newly emerged
method that has received less attention. This method requires more investigation in order
to explore various aspects of the approach and to improve its performance as a scour
countermeasure strategy. Roughening elements can change the flow field and weaken the
downward flow, which is the main cause of the formation of horseshoe vortices [28]. The
factors affecting the performance of the roughening elements are the element protrusions
(P), thicknesses (t), spacing (S), and installation depth of the elements (Z). Figure 1 shows a
protected abutment with roughening elements and effective geometric parameters with a
flow pattern included. This method resembles that involving the use of threading cables to
reduce scour around piers [29].

The primary attempt to use roughening elements as scour countermeasure was un-
dertaken by [30]. They applied these elements as a flow altering method and reduced the
maximum scour depth to 7.2% at the abutment wall, concluding that roughening elements
can be used as suppressor of downflow to reduce the action of the vortex. Ref. [28] investi-
gated the element’s spacing (S) and protrusion (P) at a given thickness (t). They claimed
that smaller spacings create a barrier against downflow. In contrast, a large space between
two elements enables the downflow to reattach to the abutment wall, which causes the
performance of the elements to plummet. Briefly, they claimed that the least scouring
occurs for S/P = 2.

Based on literature review, few studies have been conducted on the performance of
roughening elements as a scour countermeasure method. Moreover, to the best of our
knowledge, the optimum placement depth, thickness and protrusion of the elements have
not been investigated. Therefore, this research aims to build on previous studies and
answer questions about the optimum installation depth and dimensions of the elements.

2. Materials and Methods

The scour depth (ds) is a function of different factors, including the geometry of fluid,
flow, channel, abutment and roughening elements, as well as sediment properties. In order
to develop dimensionless parameters sixteen variables are considered as follows:

ds - fl (p/ ,u/g/]// u/ B/ L/ b/ t/ P/ S/ Z/Ps/ d50/0—/ T) (1)

where, p is water density, y is water dynamic viscosity, g is gravitational acceleration, y is
flow depth, U is flow average velocity, B is channel (flume) width, L is abutment length
(m) (perpendicular to the flow), b is abutment width (m) (in direction of flow), t and P
are roughening element thickness and protrusion, respectively (m), S is the roughening
element’s spacing (m), Z is the depth of the roughening element installation below initial
bed level (m), ps is the sediment density, d5p is median sediment size, o is geometric



Fluids 2023, 8,175

4 of 14

standard deviation, and T is the time in seconds. Using the Buckingham theory and taking
p, U, L as repetitive variables, the general form of the equation for predicting scour around
and abutment armed with roughening elements can be expressed as follows:

LLbtp,SZps L Tu
= = f(ReFr,=, =, =, -, c2 2B = o 22 2
y fZ( er r’y,B’L’L’L L/L/p/dSOIU/ L) ()

where R, represents the Reynold number and F; represents the Froude number defined in
the following equations:

o.Uy
Re = ——= 3
" ®)
o U @
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The length scale “L” can be replaced by water depth “y” (or a combination of “y,
L") as suggested in other studies [2,28,31]. The graphs are presented with dimensionless
parameters as variables to make it possible to expand the results to real world scale. Some
parameters, such as R,, ps/p, 0, L/y and L/B, are constant in each hydraulic condition.
Therefore, desired parameters including P/L, t/L, Z/L, and ds/L are studied and presented in
terms of tables and graphs. As a result, Equation (2) can be summarized to the following
form:

ds Ptz
= (Lriw) ©
The experiments were conducted in a laboratory flume with dimensions of 16 m
(length) x 0.7 m(width) x 0.6 m (depth) and a longitudinal slope of 0.0027. The walls and
bottom of the flume were made of glass (see Figure 2). Water was pumped from an under-
ground reservoir to a head-tank to maintain a constant head water and was then poured
to the flume. The flow depth was adjusted by a sharp, crested, rectangular gate located at
the end of the flume, and the flow discharge was measured using an electronic flow meter
and adjusted with a butterfly valve. To evaluate local scour, cohesionless sediments with a
median diameter of 0.71 mm and a thickness of 20 cm was used. According to [32], using
sediments with an average diameter of less than 0.7 mm escalates the possibility of bed

form creation. In addition, the geometric standard deviation of the sediments oy = 4/ g—f‘;)

was 1.25, which satisfies the uniformity condition [33,34] and is less than 1.3.

Two vertical wall abutments with same length of 0.14 m and widths (b) of 0.07 and
0.14 m were used. The abutment dimensions were chosen to eliminate the contraction
ratio, as the effect of the contraction ratio on scouring is eliminated when the ratio of the
abutment length to flume width is less than 0.33 [35]. Two different widths were chosen to
study the effect of the abutment width on scouring. Roughening elements with the same
length as the abutment and with different protrusions and thicknesses were investigated.
The thickness and the protrusion of the elements were equal toP=t=0.05L, 0.1 L, 0.2
L, and 0.3 L. Based on the findings of [28], the spacing between the elements was set to
S/P=2.

According to [2], an abutment is classified as short if the ratio of its length to the flow
depth is less than one, and where the scouring will be independent of the flow depth. To
determine hydrodynamic conditions, a flow discharge of 31 lit/s was used to establish
a constant flow depth of 15 cm. The threshold velocity was measured by using a one-
dimensional velocimeter at the desired flow depth, and was found to be 0.3 m/s, which is
consistent with the value obtained from Melville and Sutherland’s [36] formula:

Uc/u.c = 5.75log (5.53;50) 6)

where U is critical velocity, U, is the critical shear velocity, y is flow depth, and ds is the
median diameter of sediments. The critical shear velocity was calculated using Shield’s
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diagram. In this study, the ratio of flow velocity (U) to critical velocity was 0.94. Because
this ratio is less than 1, the clear-water conditions were achieved [37]. To provide a better
understanding of experimental results, other hydraulic conditions were tested in addition
to U/Uc =0.94, including U/ U = 0.9, 0.8 and 0.7 were tested as well.

Experimental Flume -

Figure 2. Schematic illustration of flume setup.

In the literature, test durations range from 2 to 96 h [38,39]. In this study, a primary
test was conducted for 24 h, during which two parameters, the scour depth and time at the
abutment toe, were continuously monitored in order to determine the temporal evolution
of the scour depth.

It was observed that the majority of the scouring occurs at the beginning of experi-
ments. After 5 h, negligible changes in scour depth were observed, which is consistent
with the findings of [28,40]. Refs. [27,41,42] have also reported that variations in the final
percentage of scour depth versus time become negligible after 4 h for different Froude
numbers and abutment geometries. However, it should be mentioned that the goal of the
current study was not to propose a relation in order to estimate the maximum scour depth
or reach an equilibrium condition. To reach a fully developed condition, the test must
be prolonged for several days [43,44]. Some researchers, such as [45], believe that such a
condition is not attainable. However, a duration of 5 h was chosen for the tests in this study.

In the initial set of experiments, two unprotected abutments were tested, and it
was observed that the highest scour depth occurred at the abutment toe. Therefore, the
abutments toe was chosen as the reference point for comparison of the scouring in all
subsequent experiments, as it was in similar studies [28,46,47]. The topography around
the abutment was recorded in a 2 x 2 cm grid using a laser distance meter that could
move in longitudinal and cross-sectional directions with 1 mm accuracy. To evaluate the
effectiveness of the scour countermeasure in subsequent experiments, the maximum scour
depth at the abutment toe was used as the reference point for comparing results. Figure 3
shows the maximum scour depth at two abutment tips in the baseline experiments.
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Figure 3. Maximum scour depth at abutment toe. (a) Width =7 cm (b/L = 0.5), (b) width = 14 cm
(b/L =1) (Flow Direction is from right to left), and (c,d) runs of baseline experiments.

The assessment experiments were designed to investigate the optimum installation
depth and dimensions of the scour countermeasure elements. In all of the experiments,
the space between two successive elements was set to S/P = 2, which was selected based
on the findings of [28]. The experiments were conducted in the following order: (1) the
effect of installing elements between sediment surface and water level, with the dimension
of t =P =0.05L, was evaluated at the abutment face (b = 7 cm), In this experiment, an
element was first installed, and subsequent tests were conducted by adding one element to
investigate the effect on scour depth of placing this element above the sediment (Figure 4a).
(2) The optimum depth of installation was determined by placing elements under the initial
level of the sediment (buried in sediments, t = P = 0.05 L) (Figure 4b). (3) After determining
optimum installation depth, tests were conducted with the presence of elements both under
and above the bed level (Figure 4c). In these tests, four elements were installed under
the bed level at a depth of Z/L = 0.6 (the optimum depth), while the number of elements
installed above the bed was increased from 1 to 8 to reach the water surface. This step
was undertaken in order to evaluate the installation of elements buried in sediment and
between the water level and sediment surface. Steps 1-3 were repeated for elements with
different dimensions (thickness and protrusion). (4) The effect of different dimensions was
evaluated under the optimum depth of installation (Figure 4d). All roughening elements
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were tested with a square cross-section, so the values of P (protrusion) and t (thickness)
were equal. Steps 1-4 were conducted under the hydraulic condition of U/uc = 0.94. (5) In
the final experiments, all four steps were repeated under different hydraulic conditions, of
U/u:- = 0.9, 0.8, and 0.7, to obtain more authentic results. It should be noted that the best
results obtained from each step were applied in the subsequent step. For example, the
optimum depth of installation (Z/L) determined in step 2 was used in step 4 to determine
the optimum dimension.

a) ‘ﬁ?r Surface b)
— Iz
Sediment Bed
Roughenmg
Elements
C) d)
Ih
Roughenmg

Elements

Figure 4. Sketch of the installation of roughening elements on the upstream face of the abutment,
under and above the bed (a): Ty, (b) T7, (c) Ts, (d) T14 (The roughening elements face the flow
direction).

In the assessment experiments, some of the results obtained for the small abutment
(b = 7 cm) were repeated for the larger abutment. For example, the optimum depth of
installation determined for the small abutment was repeated for the larger one. Therefore,
the number of experiments conducted for the abutment with width of 14 cm is less than for
the abutment with the width of b =7 cm (Table 1).
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Table 1. Overall view of experiments.
Assessment Experiments
Test Conditions Bascizline Elements Elements above Optimum Different To.tal
Experiments  ynder Bed and under Bed  Thicknessand  Hydraulic =~ Experiments
Level Level Protrusion Conditions

Number of b=7cm 1 7 7 4 16 35

Tests  p-_14cm 1 4 4 4 16 29

3. Results and Discussion

The results of the baseline experiments indicate that the widths of the abutment do
not have significant effect on the maximum scour depth at the abutment toe, which can
be attributed to the role of contraction in the scouring process. A larger abutment width
leads to greater volume of scour depth, which can result in more severe changes in bed
topography. This is because the longer the extension of the abutment, the further the
progression of scouring downstream. Ref. [48] also found that the maximum scour depth
is independent of the contraction length (abutment length) which is consistent with the
current study’s findings. They observed that the variation of scour depth at the abutment
toe was less than 10% for abutments with widths of 5 and 110 cm. This suggests that the
abutment width does not have a significant effect on the maximum scour depth at the
abutment toe. Additionally, they have reported that the velocity vectors were very similar
around the abutment toe, where the maximum scour depth occurs, which indicates that
the flow pattern is not significantly affected by the abutment width.

4. Installing Elements between the Bed and Water Surface (Step 1 in Assessment
Experiments)

The findings indicate that installing more than one element on the sediment bed,
regardless of the desired thickness and protrusion, does not reduce scour depth and in
some cases, may even increase it. There is no clear trend in the results.

5. Determining the Optimum Installation Depth of the Elements

In the second step of the assessment experiments, (Table 2, Tests Ty to T7) (Figure 4b),
it was found that installing elements at a depth of more than 8.4 cm (Z/L = 0.6) from the
bed level has no effect on scour reduction. This is evident in tests Ts, T¢ and T in Table 2.
The reason for this may be that, as a scour hole deepens, the strength of the primary vortex
and three-dimensional flow field inside the scour hole decreases, and therefore the deeper
placement of elements has no effect on scour depth. Consequently, the number of elements
under the bed was set at four to satisfy the Z/L = 0.6 criterion (Test T5). Based on Table 2
(Test Tg to Ty4), installing elements between the sediment bed and water surface has no
consistent pattern regarding scour reduction (compare Ty, T1g, T1; and T1y).

In the previous section, the effect of installing elements between the sediment’s initial
bed and water surface was investigated (in this case, no elements were installed under the
bed level), and it was concluded that installing elements above the bed level did not have a
specific effect on scour depth and varied randomly. In this section (Figure 4c), elements
were installed both under and above the bed level, and the same results were obtained.
Comparing the results with the previous section (in which elements were installed between
the bed and water surface), it can be inferred that installing elements above the bed level
does not impose a specific trend on scour reduction, even if some elements are installed
within the sediments. Therefore, it is concluded that elements must be installed within a
specific range to affect the primary vortex action that develops inside the scour hole [4].
Thus, installing elements under the sediment surface resulted in better protection of the
abutment.
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Table 2. Summary of results of scour depth around both abutments (b = 7 and b = 14 cm) using
roughening elements with different protrusion and thickness.

Number of Number of
Number underthe  abovethe  widn =P UNc dshy RO Zem 70
Bed Bed

Ty 0 1 b/L=0.5 0.05L (0.7 cm) 0.94 0.77 7.2 0 0
Ty 1 1 b/L=0.5 0.05L (0.7 cm) 0.94 0.76 8.8 2.1 0.15
T3 2 1 b/L=0.5 0.05L (0.7 cm) 0.94 0.75 9.6 42 0.3
Ty 3 1 b/L=0.5 0.05L (0.7 cm) 0.94 0.74 11.2 6.3 0.45
Ts 4 1 b/L=0.5 0.05L (0.7 cm) 0.94 0.69 17.6 8.4 0.6
Te 5 1 b/L=0.5 0.05L (0.7 cm) 0.94 0.69 17.6 10.5 0.75
Ty 6 1 b/L=0.5 0.05L (0.7 cm) 0.94 0.69 17.6 12.6 0.9
Tg 4 2 b/L=0.5 0.05L (0.7 cm) 0.94 0.7 16 8.4 0.6
To 4 3 b/L=0.5 0.05L (0.7 cm) 0.94 0.7 16 8.4 0.6
Tio 4 4 b/L=0.5 0.05L (0.7 cm) 0.94 0.69 17.6 8.4 0.6
Ty 4 5 b/L=05  005L(07cm) 094 073 12 8.4 0.6
Tio 4 6 b/L=05 005L(07cm) 094 071 144 8.4 0.6
T3 4 7 b/L=0.5 0.05L (0.7 cm) 0.94 0.72 13.6 8.4 0.6
Tyg 4 8 b/L=05  005L(07cm) 094 0.7 152 8.4 0.6
Tis 4 1 b/L=05 005L(07cm) 094  0.69 17.6 8.4 0.6
Tig 2 1 b/L=0.5 0.1L (1.4 cm) 0.94 0.65 224 9.8 0.7
Ty 1 1 b/L=0.5 0.2L (2.8 cm) 0.94 0.58 30.4 10.5 0.75
Tis 1 1 b/L=05  03L(42cm) 094 0.6 28 11.2 0.8
Tio 4 1 b/L=1 0.05L (0.7 cm) 0.94 0.73 12 8.4 0.6
Ty 2 1 b/L=1 01L(14cm) 094 0.6 27.2 9.8 0.7
T 1 1 b/L=1 02L(28cm) 094 056 32.8 105 075
Ty 1 1 b/L=1 0.3L (4.2 cm) 0.94 0.59 29.6 11.2 0.8

Note: the 7th column is obtained by comparing with baseline tests (ds = 12.5 cm).

The results for other dimensions of roughening elements were similar. Fort=P=0.1L,
0.2 L and 0.3 L, placing elements under the bed was found to be more effective than placing
them above the sediment, and the best depth of element installation was at Z/L = >0.6-0.8.
The results of the experiments, i.e., the dimensionless scour depths at the abutment toe for
different installation depth of elements, are shown in Figure 5.

Based on Figure 5, it can be observed that for all element dimensions, the ratio of
Z/L = >0.6-0.8 has the lowest scour depth. Therefore, the optimum installation depth of the
elements under the sediments is proposed to be 0.6-0.8 times the abutment length. Similar
results were obtained for the other abutment (b = 14 cm).
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Figure 5. Effect of the installation depth of elements with different dimensions at scour depth.

6. Determining Optimum Thickness and Protrusion of the Elements

From a hydraulic perspective, after the flow collides with the upstream abutment face,
a downward flow is formed that turns into the bed and creates the principal vortex and
abutment scour. The presence of roughening elements creates disturbance in the downward
flow, leading to energy dissipation. As a result, the principal vortex is weakened, and less
intense scouring occurs compared with baseline experiments.

The results indicate that, as the dimensions of roughening elements increase (Table 2,
Ti5 to Tyy for b =7 cm, Tyg to Tp; for b = 14 cm), the scour depth decreases to a certain extent
and then increases (compare T17 to T1g and Ty to Typ). The results for both abutments are
similar (Figure 6), indicating that abutment width does not affect the maximum scour depth.
However, it can be concluded that, after increasing the protrusion of the elements beyond a
certain value, they act as a new wall, reducing the effectiveness of the elements and leaving
the abutment unprotected. This condition is similar to moving the abutment upstream by
the same amount as the element’s protrusion, resulting in an increase in scour depth. The
results suggest the best results can be obtained when the thickness and protrusion of the
elements are equal to 20% of the abutment length. The scour depth at the abutment toe
with the width of 7 and 14 cm was reduced by up to 30.4 and 32.8%, respectively.

Figure 7 shows the effect of different hydraulic conditions on scour depth in different
element dimensions.

Figure 7 demonstrates that the best performance of roughening elements in reducing
scour was achieved at t = P = 0.2 L (2.8 cm) even under different hydraulic conditions.
The figure also shows that increasing the dimension of the elements to a certain degree
reduces scour depth. It is clear that, under different hydraulic conditions and when
increasing the dimension of the elements to a certain amount, the scour depth reduces.
After P/L =t/L = 0.2, larger dimension has a reverse effect on scour depth.
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0.75
U/Uc=0.94
0.7
0.65
ds /y ——b/L=0.5
0.6 —A—b/L=1
0.55
0.5
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
P/L or t/L
Figure 6. Results of the effects of the elements protrusion size on scour depth for both abutments. All
elements’” dimensions were tested under the best depth of installation (optimum value of Z/L).
0.8
b/L=0.5
0.75
0.7
0.65 —8— U/Uc=0.94
ds/y
——U/Uc=0.9
0.6
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Figure 7. Evaluation of scour depth at different hydraulic conditions.

7. Conclusions

This study investigated the effectiveness of roughening elements as a countermeasure
for bridge abutment scour. Different arrangements and dimensions of roughening elements
were tested on two rectangular abutments, and the local scour at the abutment toe was
measured as the baseline point. The optimal depth of installation was found to be at
Z/L = >0.6-0.8 under different hydraulic conditions. The best countermeasure performance
was achieved by increasing the dimensions of the elements (protrusion (P) and thickness
(t)) up to 0.2 L (abutment length), However, increasing the element dimensions beyond this
point (t = p = 0.3 L), led to an increase in scour depth. Overall, the best performance was
achieved att =P =0.2 L and Z/L = >0.6-0.8, resulting in a reduction of scour depth by up
t0 30.4% (b = 7 cm) and 32.8% (b = 14 cm), respectively. Further investigation is needed
to investigate the effectiveness of these elements on cohesive soils and to expand their
application.
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Notations

Following symbols are used in this study:

B = channel (flume) width

b = Abutment width

dsy = Median diameter of sediment

Fr = Froud number

g = gravitational acceleration,

L = abutment length (m) (perpendicular to the flow),
P = Elements’ protrusion

Re = Reynold number

S = roughening element’s spacing t = Elements thickness
t = roughening element’s thickness

T = time

U = Flow velocity

U = Critical velocity

U, ¢ = Critical shear velocity

y = Flow depth

Z = Installation depth of elements

0g = Geometric standard deviation

ps = the sediment density,

p = water density

u = water dynamic viscosity
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