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Abstract

In this study, laboratory experiments were performed to evaluate the effects of
shape and skewness-angle of bridge piers on the local scour. Experiments were
carried out in the laboratory using a transparent rectangular flume with a steel
frame structure flume. The experimental work has been carried out under clear-
water conditions using three sets of piers (4 cm in width and 40 cm in length)
arranged in one row with two different shapes (lenticular and oblong) and four
different skewness-angles (o) (0°, 15°, 30°, 45°), while the ratio of the spacing
between piers to the width pier was kept constant at 2. Additionally, the effects
of flow velocity on the local scour were examined at three velocities, namely
0.17,0.23, and 0.27 m/s. The flume bed was made from sand with average grain
size (d50) of 0.71 mm, and a geometric standard deviation of 1.14. The obtained
results showed that the depth of the local scour was significantly affected by all
the studied parameters (skewness-angle, flow velocity, and shape of piers). The
maximum scour depth (13.2 cm) was noticed in the lenticular piers when the
skewness-angle and flow velocity were 30° and 0.27 m/s, while the lowest scour
depth (1 cm) was noticed in the lenticular pier when the skewness-angle and flow
velocity were 0° and 0.17 m/s, respectively.
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1.Introduction

Scour is defined as normal event proceeds by the flow of water in rivers [1]. Local
scour is one of the significant common threats to bridge foundations and piers, and
this phenomenon is responsible for the majority of bridges failure worldwide [2].
For example, the literature shows that more than 130 bridges were failed in the
USA between 1989 and 1999, and about 25% of the bridges in the USA are
currently [3]. Similarly, 26% of the bridges in Canada are threatened [4]. In
addition, expensive maintenance processes are required to avoid the whole failure
of bridges due to the scouring phenomenon, for example, the recent literature
indicated that the required cost to maintain about 11% of the total bridges in the
USA is $76 billion [3; 4].

Bridge scour failure usually occurs in floods events when the overflow of rivers
leads to changes in channel morphology, which in turn results in an uneven eroding
of the sediments (usually consist of alluvial sand and stiff clay), and consequently
weakens the foundations of the bridges and minimizes their load-carrying
capacities [5]. When floods occur, water will decrease the level of the riverbed
exposing the piers to harsh conditions. For example, decreasing the level of the
riverbed leads to a significant loss in the load-carrying capacities of the piers due
to the significant loss in the skin friction (between the soil and structure), which
could result in structural failure [1]. The published literature confirmed that the
intensity of the scouring phenomenon is not only related to the flow of rivers but
also it is influenced by both shape of the piers and skewness-angle, where it has
been reported that the skewness could result in a deep scour [6]. Thus, the
mechanisms of the scouring phenomenon are complexed and depend on several
factors. The depth of the scouring process depends on the characteristics of the
flow, the bridge foundation geometry, and the characteristics of the riverbed soil
(layering, grade, particle size, particle shape, and cohesion) [5].

Generally, the depth of local scour increases with the increase of the width of
the pier, while the relationship between the depth of scour and the skewing-angle
is complex due to the interactions between the width of the scour holes and the
lateral expansion of the scouring. At skewed piers, the magnitudes of both scour
expansions and the maximum depth of scouring (ds) depend on the angle of attack
(o) because the flow area is influenced by the angle of attack. For example,
Castiblanco [7] carried out a detailed study, involved 84 long-duration laboratory
tests, about the scouring phenomenon at complex piers (complex geometry). This
study examined the effects of the relative pier width, net pier hight, and the
configuration pier groups on the scoring of 7 complex piers. The outcomes of their
study indicated that the characteristics of the scouring processes are influenced by
the depth, geometry, and configuration of piers, it was also found that flow regime
influences the characteristics of the scouring process.

Ahmad et al. [8] investigated the mechanism of scour at a wide range of
skewness-angle using two different types of uniform cohesionless bed sediment
(d50 of 0.23 and 0.80 mm). The outcomes of their study indicated that the sour
depth is a function of effects of the aspect ratios, the angles of attack (a), flow
characteristics, nature of the bed materials, and the sediment gradation. A number
of studies were focused on the effects of the pier shape and alignment on the scour
depth, for example, Du and Liang [9] used two different shapes of piers (square and
circular) to investigate the effects of piers shape on the scour depth considering the
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effects centres of the upstream boundary and upstream corners. The obtained
results indicated that the deepest scour was noticed near the circular piers, while
the highest deposition rate was noticed near the square piers.

Gunal et al. [10] studied the variation in the scour depths at a set of piers as a
function of several factors, including the flow conditions, dimensions of piers,
characteristics of the bed material, and distance between piers. The authors
indicated that although the depth of scour was influenced by all the mentioned
parameters, the span length has the most significant effect on the scour depth. Yang
et al. [11] examined the combined effects of the skewness-angles (0°-90°), pile-cap
and the pile group on the scouring of piers. The studied piers were divided into
three groups according to the skewness-angle; aligned (0°), slight skewness (15°),
and high skewness (more than 30°). The results revealed that increasing the
skewness-angle minimized the effects of the pile-cap and the pile group.

Some of published literature focused on the relationship between the particle
size and the scour depth, and also the relationship between the curveting degree of
the channel and the scour depth. For example, Mahmoud [12] studied the scour
depth as a function of the size of grains of soil downstream the piers in curved
channels; the results obtained demonstrated that the minimum sour depth was
obtained in soils with a grain size of 0.1-0.14 mm.

Helmy et al. [13] investigated the combined effects of the channel curveting
degree and piers shape on the depth of the local scour. The outcomes of this study
proved that the minimum scour depth, at a 30 degrees curved flume, was noticed
around the lenticular piers due to the ability of this shape of piers to minimize the
generation of horseshoe and the strength of vortices near the piers.

The above brief literature survey on the scour of piers revealed that it is a
complex process and could result in grave consequences, such as the whole or
partial failure of the bridges. Taking into accounts that the number of flood events
and unexpected variations in rivers flow would dramatically increase within the
next few decades due to global warming [14-21], and uneven distribution of rain
water [22-28] that resulted from water pollution [29-35] and human activities [36-
42], such as cement industry [43-50], concrete production [51-55], solid wastes
accumulation [56-59], pollutants and other industries [60-66]. Thus, more studies
on the scouring of bridges piers are required to have a better understanding of this
phenomenon, and to avoid its grave consequences.

In this context, the present study aims at investigating the combined effects of
skewness-angle, the ratio of the spacing between piers to the width pier, and flow
velocity on the depth of local scour by carrying a series of experiments under clear
water conditions and uniform bed material. Thus, the outcomes of this study could
be a preliminary guideline for researchers and engineers about the effects of the
mentioned parameters on the intensity of the scouring process.

2. Laboratory Flume

Experiments were carried out using a rectangular recirculation flume, which has
transparent walls with a steel frame structure with net dimensions of 7.5 m in
length, 1 m in width, and 0.6 m in depth. A cavity section, 2 m in length, and 0.2
m in depth, was located at 2.5 m from the flume inlet section (upstream). This cavity
has been filled with sand (with an average grain size (d50) of 0.71 mm). Two
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overhead tanks (1x0.9x0.55) were installed at the upstream side of the flume to
supply a continuous flow, and another two tanks (1x0.9x0.55) were installed at the
end of the flume (ground tanks) to collect the used water.

The used water was circulated between the overhead and ground tanks using a
water pump (with a maximum pumping capacity of 13.3 L/s). A wooden gate (as a
suppressor) was installed at the beginning (upstream) of the flume to smooth the
flow coming onto the sand bed, and two screens’ baffles were installed at 50 cm-
intervals from the flume inlet to damp any turbulence and to smooth the flow to
prevent any undesired bedform (ripple or dune) at the working section. To control
the velocity of flow and the depth of water at the end of the flume, a rectangular
gate (1x1 m) has been installed at the outlet of the flume.

A flow meter has been utilized (with an accuracy of 0.004) at the return pipe)
to measure the water discharge. Additionally, a mobile point gauge that is mounted
on a brass rail at the top of the flume was used to measure the depths. It is
noteworthy to highlight that all dimensions and specifications used in this study
were selected to be within the published literature [2].

3. Model of Bridge Piers

As it has been mentioned that the main goal of the present study is the examination
of the effects of piers shape (lenticular and oblong), skewness-angles (0°, 15°, 30°,
45°), and flow velocity on the local scour. To achieve this goal, steel piers have
been manufactured in the laboratories of the civil engineering department,
university of Babylon, Irag. The net dimensions of the manufacture piers were 40
cm in length and 4 cm in width (maximum width), as shown in Fig. 1. These
dimensions were selected following the literature to avoid the influence of
contraction on the depth of the local scour.

Fig. 1. Piers shapes.

In each run, three piers from each type were arranged in one row in the flume,
and the flow direction was changed according to the required skewness angle.

4. Dimensional Analysis

To have a better understanding about both scour mechanism and effects of the
studied parameters on the scour depth, a wide range of parameters have included in

Journal of Engineering Science and Technology June 2021, Vol. 16(3)



2752 A. Kh. Al-Shukur and N. S. Hussein

this investigation, including the scour depth (ds), piers width (Dp), water depth (d),
flow velocity (V), the critical velocity (Vc), sediment size (d50), duration of flow
(T), pier shape factor (Ks), alignment coefficient (Ka), the spacing of piers (S),
skewness-angle (a), number of piers (m), flume width (B), gravitational
acceleration (g), length of the pier (L), fluid density (p), sediment density (ps), angle
of static sediment (&), dynamic viscosity fluid (), slope of channel bed (So) and
laboratory temperature (6). These parameters could be summarised using the
following equation:

ds/Dp = f (Vc¢/V,a,L/Dp,V2/gDp, Ka) 1)

5. Experimental Procedures

The experimental work was carried out as follows:

e Initially, the piers were installed in the flume at the required position (vertically
or with the skewness-angles).

e The bed material (sand) with a mean particle size (d50) of 0.71mm was placed
in the cavity and manually levelled using a scraper. The elevation of the bed
surface was checked at random points, using the point gauge. The thickness of
the sand layer was 20 cm.

e The flume was gradually filled with water to the required depth, 5 cm. The
flume was carefully filled to avoid the destruction of sediment.

e The water pumping process (circulation) was started at low speed and
gradually increased unit the desire flow rate was attained to avoid the
destruction of sediment; the tailgate was checked to maintain the correct depth
of flow in the flume.

e At the end of the testing time, which was monitored using a stopwatch, the
flow was stopped, and the water was carefully drained from the flume. Then
the depth and location of the maximum scour were recorded. The maximum
depth of scour was measured at 2 minutes-intervals for the first hour of
experiments, then at 10-minutes intervals for the rest of the time (5 hours).

o The experiments were repeated by re-levelling the surface of the sand (bed of
the flume), and the same steps above were repeated.

e The above steps were used to check the effects of each one of the studied
parameters (shape of pier, skewness-angle, and velocity of the flow).

Table 1 summarized the experimental conditions
Table 1. Experimental conditions.

Flow Velocity Q
No. intensity Y™ intheflume(misy Ly ¢ Re
1 0.6 0.05 0.17 85 0243 13770
2 08 0.05 0.23 115 0328 18630
3 0.95 0.05 0.27 13.3 0386 21870
6. Results

To examine the effects of the piers shape, three piers of each shape of piers (lenticular
and oblong piers) were arranged in one row (perpendicular to the flow direction, o=
0°), see Figs. 2 and 3, and subjected to three flow intensities (V/Vc) (0.6, 0.8, and
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0.95). The ratio of the spacing between piers to the diameter of the pier (S/Dp) was
kept constant at 2 for all experiments.

Fig. 2. Scour pattern after six hours of flow for lenticular piers.

Fig. 3. Scour pattern after six hours of flow for oblong piers.

The obtained results from the lenticular shape, as shown in Fig. 4, indicated that
the scour depth has increased from 1, 2.4 to 4.1 cm when the flow intensity increased
from 0.17, 0.23 to 0.27 m/s, respectively. Figure 4 also shows the variation of scour
depth, at the lenticular piers, with the flow time for each one the studied flow
intensity. It can be seen from this figure that about 75% of scour depth is achieved
within the first 50 minutes.
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Fig. 4. Scour variation with time at different flow intensities.

The same trend was noticed in the oblong piers. Generally, the performance of
the lenticular, in terms of scour depth, piers was better than that of the oblong ones,
which could be attributed to the fact that the geometry of the lenticular piers
substantially minimizes the formation of a horseshoe and wakes the generated
vortices and consequently minimizes the scour depth [13]. Additionally, it was
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noticed that maximum scour depth occurred at about 2/3 of the lenticular pier width
from the upstream side that could be attributed to the effects of contraction of the area
and formation of horizontal velocity jet. The relevant literature showed comparable
results [67].

Then, the effects of the skewness-angles (at 0°, 15°, 30°, and 45°) on the scouring
depth was investigated using the same procedures stated in the previous experiments.
The obtained results, Fig. 5, indicated that increasing the skewness-angle has
increased the depth of the sour for the range from 0° to 30°, then the scour depth
decreased when the skewness-angle increased from 30° to 45°, see fig. 5.
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Fig. 5. Comparison between the depth of scour and skewness-angle.

The same experiments were repeated for the oblong shape. The obtained results
are listed in Table 2. Generally, the results obtained indicated that the maximum scour
depth (13.2 cm) happened at the oblong piers when the skewness-angle was 30° and
at the maximum flow intensity (0.95). Similar results were found by many previous
studies [68].

It can be noticed from Table 2 that the lenticular pier has the best resistance for
the local scour that could be attributed to the fact that this shape of piers has the
minimum exposure area, which minimizes the occurrence of the horseshoe vortices
(the main cause of local scour). Similar results were found in the literature [2].

In summary, the obtained results indicated that all the studied parameters have
significant effects on the scour depth. Additionally, it has been found that the scour
depth could be minimized by adopting the lenticular piers and keeping the flow intensity
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and skewness-angle as low as possible. Also, scouring depth could be monitored using

advanced sensing technologies such as electromagnetic sensors [69-73].

Table 2. Experimental data.

Max. Scour depth

o Q \% Ve

No Shape a VIVc (cm)

(L/s)  (m/s) (m/s) p1 P> p3
1 Lenticular 0 8.5 0.17 0.283 0.6 1 1 1
2 Lenticular 0 115 0.23 0.283 0.8 24 24 24
3 Lenticular 0 13.3 0.27 0.283 0.95 41 41 41
4 Lenticular 15 85 0.17 0.283 0.6 4 25 1
5 Lenticular 15 115 0.23 0.283 0.8 54 35 2
6 Lenticular 15 133 0.27 0.283 0.95 65 45 36
7 Lenticular 30 85 0.17 0.283 0.6 8.7 6.4 4
8 Lenticular 30 115 0.23 0.283 0.8 10 85 54
9 Lenticular 30 13.3 0.27 0.283 0.95 11 11 9
10 Lenticular 45 85 0.17 0.283 0.6 55 33 19
11 Lenticular 45 115 0.23 0.283 0.8 72 56 3
12 Lenticular 45 13.3 0.27 0.283 0.95 75 6.7 6
13 Oblong 0 8.5 0.17 0.283 0.6 31 31 31
14 Oblong 0 115 0.23 0.283 0.8 5 5 5
15 Oblong 0 13.3 0.27 0.283 0.95 6.1 61 6.1
16 Oblong 15 85 0.17 0.283 0.6 65 47 38
17 Oblong 15 115 0.23 0.283 0.8 74 65 54
18 Oblong 15 133 0.27 0.283 0.95 9 76 6.6
19 Oblong 30 85 0.17 0.283 0.6 84 6.1 38
20 Oblong 30 115 0.23 0.283 0.8 9.3 8 5.2
21 Oblong 30 133 0.27 0283 095 132 94 88
22 Oblong 45 85 0.17 0.283 0.6 6 4.6 3
23 Oblong 45 115 0.23 0.283 0.8 9.2 8 51
24 Oblong 45 133 0.27 0283 095 108 92 78

7. Conclusions

The following is the conclusions extracted from this research:

o For all experiments, the deepest scour occurs at the pier near the abutment at
upstream.

and skewness-angle.

The scour depth increases with the increase of the flow intensity.
The equilibrium scour depth and first scour rate depend on the shape of the pier

scour depth by 30% in comparison with the oblong shape.
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Nomenclatures

Dp
dso
ds
Fr
P1
P2
P3

Q
Re

S

V/Vc  Flow intensities

Y
\Y/e
Y

Greek Symbols

a
9y

Width of bridge pier, cm

Median grain size of sediment, mm
Maximum scour depth, cm

Froude Number

Pier number one

Pier number two

Pier number three

Total discharge, m¥/sec
Reynolds number
Spacing among piers, cm

Mean velocity of approach flow, m/s
Mean velocity at threshold motion of sediment for approach flow, m/s
Depth of flow, cm

Skewness-angle, degree
Geometric standard deviation of sediment
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