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Abstract

The effect of sediment feeding was investigated in the case of live-bed scour around circular bridge piers under flood
waves to provide contributions for future experimental procedures. Circular piers of three different diameters were tested
in a long rectangular flume containing uniform sediment layer 25 cm thick, by generating 7 different triangular
hydrographs with different durations ranging between 6 and 20 minutes and the peak discharges varying from 18 L/s to
38 L/s. Experiments were first conducted without sediment feeding and total load was collected at predetermined time
intervals. Then the same experiments were performed by feeding with the same amount of collected sediment. Time
dependent scour depths were measured using UVP. Bed degradation was also determined by using an empirical equation
existing in the literature. It was found that feeding with the rates equal to the transported ones did not significantly
change the scour depth and total sediment load within the limits of the experiments. No significant bed degradation was
observed, except at the upstream end. It was revealed that the sediment feeding may not be required in the experiments
where temporal evolution of the scour depth is studied in a sufficiently long flume containing sufficient sediment.
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1. Introduction

Local scour is simply defined as “scour caused by an obstruction in the flow” and it takes place in either clear-
water or live-bed conditions. If the bottom shear stress of the flow is lower than the critical shear stress of the bed
material, flow cannot erode the bed while causing local scour and this state is named as clear-water condition. On the
other hand, bottom shear stress of the flow may be greater than the critical shear stress of the bed material and causes
bedload transport which results in sediment supply into the scour hole. This state is named as live-bed condition.

Bed degradation in the flume may cause inaccurate results on scour depth since the live-bed scour is greatly
affected by incoming sediment from upstream as stated by Laursen and Toch (1956), Jain and Fischer (1979), Chiew
(1984) and Kothyari et al. (1992) [1-4]. Therefore, the bed erosion should be compensated to obtain more accurate
results on scour depth. Laursen & Toch (1956), Kothyari et al. (1992) and Melville (1984) [1, 4, 5] managed this
problem by means of sediment feeding by installing a hopper or conveyor belt to their experimental set-up. Jain &
Fischer (1979), Chiew (1984) and Sheppard & Miller (2006) [2, 3, 6] resorted to recirculating flume by mounting a
sediment pump to their experimental set-up. In both cases, simulation of sediment supply causes additional expense
and workforce.
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Researchers keep their experiments going for hours, even days to reach the equilibrium. However, there can be a
significant difference of flow duration between the model and the prototype according to the time scale. For instance,
Yanmaz (2002) [7] stated that a 50-hours experiment in a Froude model built on a 1/50 scale in the laboratory would
correspond to 354 hours in nature. In some cases, only a small part of a hydrograph near the peak discharge may
induce live-bed conditions and cause sediment motion. This reduces the required duration of sediment feeding even
more. Consequently, the flow may not be effective long-time enough to significantly erode the bed if the duration of
hydrograph and live bed conditions are relatively short and there is enough sediment deposited in the flume.

Although sediment transport is an attractive subject, researches concerning the effect of the absence of the
upstream sediment supply are scarce in literature. Marion et al. (2006) [8] investigated the effect of sediment supply on
scour at bed sills under steady flow conditions and compared with the previous studies. As a result of their
experiments, scour depth decreased with the increasing sediment discharge. Also, there are some other studies related
to the effect of sediment supply on bedload and bed morphology [9-11]. In these studies, coarsening phenomenon
resulting from nonuniform character of sediment was studied. Hong et al. (2016) [12] investigated the evolution of
local pier-scour depth with dune migration under steady flow conditions. During the experiments performed in
subcritical flow regime, they did not supply sediment and the bed degradation was found to be negligible. Wang et al.
(2019) [13] studied the effects of no sediment supply on bed load and bed morphology under unsteady flow conditions,
this study being quite similar to our study.

In this study, it was aimed to investigate experimentally the effect of sediment feeding on scour depth around
bridge piers, to provide contribution for the future experimental studies which will be realized in similar conditions.
Previously, temporal evolution of live-bed scour depths around circular bridge piers under unsteady flow was
investigated by Gumgum & Guney (2020) [14] and brought a novel understanding to the subject by testing triangular
hydrographs, interpreting the effective parameters and providing equations to predict time dependent and maximum
live-bed scour depths under unsteady flow conditions. Still, there is a question needed to be answered: to what extent
the scouring would be affected under no-fed condition? For this purpose, the results of the experiments carried out by
using seven different hydrographs with and without sediment feeding were examined.

Experimental set-up, methods of measurement and configurations of the hydrographs are presented. Scour depths
and total sediment loads collected from the experiments are presented and effects of sediment feeding on scour depth
were discussed together with bed morphology calculations by using the empirical relation suggested by Wang et al.
(2019) [13]. The last part of this article contains the conclusions and the suggestions.

2. Experimental Set-up

Experiments were carried out in a flume with a length of 18.6 m, width of 0.8 m and depth of 0.75 m constructed in
the Hydraulic Laboratory of Dokuz Eylul University Civil Engineering Department, within the scope of the project
TUBITAK 106M274. Total length of the mobile bed was 15.6 m. Three different circular piers of diameter 4 cm (D4),
8 cm (D8) and 11 cm (D11) were used. The pier was placed at the 12th meter of the flume. The gas concrete blocks of
20 cm thickness were placed in the first 8 m and the last 5 m of the flume. After the 3rd meter of the flume, the flume
was covered with non-ripple forming sediment having 1.63 mm median diameter (dsg) and geometric standard
deviation of ¢ = 1.303 (uniform, because 6<1.4) to form a bed of 25 cm. The channel bed slope was set to 0.006.
Schematic view of the experimental set-up is given in Figure 1.
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Figure 1. Schematic view of the experimental set-up

A pump with a discharge capacity of 100 L/s was used for recirculation of water. Time dependent discharge was
measured by an electromagnetic flow meter mounted on the pipe before the inlet of the channel. Scour depth around
the bridge pier was measured by Ultrasonic Velocity Profiler (UVP) device. As also stated in Guney et al. (2013) [15],
it is possible to determine the bed morphology by using UVP which is normally designed for velocity measurement.
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There are three UVP transducers used in this study. One at the upstream of the pier and two at the flanks of the pier
(See Figure 4). The approaching flow depth was measured by Ultrasonic Level Sensor (ULS) which is placed 1 m
upstream of the pier. Temporal lag between discharge and flow depth readings was compensated simply by
overlapping discharge curve on flow depth curve.

Seven different triangular hydrographs were used, as indicated in Table 1. The name of the hydrograph (H i j - k)
was defined so that the subscripts i and j denote rising and falling durations in minutes respectively and the following
subscript k indicates the peak discharge of the hydrograph (L/s). A small base flow (Qp) of 1.5 L/s corresponding to a
base flow depth (hp) = 0.012 m, was preferred to prevent scouring before the flood. It was also attempted to determine
the corresponding flow rates and flood durations when the experimental setup is considered as 1/25 and 1/50 scaled
physical Froude models. The so obtained prototype values are also given in Table 1, together with the model ones.

Table 1. Peak discharges and flood durations of the generated hydrographs together with 1/25 and 1/50 scaled prototypes

Model Prototype (1/25) Prototype (1/50)
Hydrograph Peak Discharge _ Flood Duration (sec)  peak Discharge _ Flood Duration (sec)  peak Discharge  Flood Duration (sec)
(L/s) Rising Falling (m®fs) Rising Falling (m®fs) Rising Falling
Hid33-20 20 180 180 63 900 900 354 1273 1273
Hid33-38 38 180 180 97 900 900 548 1273 1273
Hid55-23 23 300 300 72 1500 1500 407 2121 2121
Hid55-31 31 300 300 103 1500 1500 583 2121 2121
Hid55-38 38 300 300 119 1500 1500 672 2121 2121
Hid1010-28 28 600 600 88 3000 3000 495 4243 4243
Hid1010-33 33 600 600 103 3000 3000 583 4243 4243

First group of experiments were carried out without sediment supply. Total sediment load was collected by means
of the baskets located at the exit of the flume with the interval of 2 minutes for the hydrographs having 20 mins of
total duration and the interval of 1 minute for the remaining hydrographs. Collected sediment was dried and weighed.
Then, the sediment graphs were formed for each hydrograph by taking into consideration the amount of collected
sediment. In the second group of experiments, feeding was realized manually by means of the sediment feeding plate,
designed to provide uniform feeding, according to the previously obtained sediment graphs. The flowchart describing
the experimental procedure is given in Figure 2.
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Figure 2. Flow chart of the experimental study

3. Results and Discussion

Temporal evolution of live-bed scour around bridge piers under unsteady flow was explained elaborately by
Gumgum & Guney (2020) [14] and no remarkable difference was observed on scouring for the experiments without
sediment feeding. However, a net bed level degradation was observed at upstream end as a prominent difference. This
degradation disappeared gradually along the first 2-3 m of the test zone and no significant bed level degradation
observed further. This fact led to consider the flow as “fed itself’. This issue will be discussed in the following
sections.
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In most studies related to the local scour around bridge piers, the use of the equilibrium scour depth as the design
parameter was proposed and some relations calculating the equilibrium scour depth were suggested. There are
numerous studies that describe the equilibrium state for different flow conditions [1-3, 17]. It is commonly stated that
the clear water equilibrium is reached when no more than a certain percentage of scour occurs in a certain time
interval, while the live-bed equilibrium is reached when the fluctuations occurring in the scour depth remain constant
about an average line. However, Gumgum & Guney (2020) [14] stated that it is not practicable to study the local scour
with equilibrium scour depth under live-bed floods, emphasizing that the scour depth will increase during the rising
period of the hydrograph and will decrease during the falling period of the hydrograph and an equilibrium state will
never be reached. Therefore, in this study the maximum and final scour depths were taken into consideration. The
temporal evolutions of the scour depths are given in Figures 3a to 3g, for each generated hydrograph. Scour depth
curves in this figure are obtained from the transducer located at the upstream side of the pier, where the maximum
scour depths were observed. In this figure, the subscripts f and nf denote with and without sediment feeding,
respectively.
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Figure 3. Temporal evolutions of the scour depths for each hydrograph

Sediment supply loses its effect on scour depth with the increased pier diameter. For instance, in the case of Hid
33-20 (Figure 3a), the scour depths concerning the piers of diameter 8 cm and 11 cm have not changed along the
falling period of the hydrograph unlike the scour depth of the pier of 4 cm diameter. This effect can be seen from the
other figures as well. For all the hydrographs, initial scour depths appear practically the same for a short period of time
regardless of pier diameter. This phenomenon can be explained by the fact that the scour depth in shallow waters (pier
width/flow depth > 5) is independent of the pier width [17]. In most of the experiments performed with or without
sediment feeding, the maximum and the final scour depths are the same or very close to each other for a given
hydrograph and pier. It was revealed that the difference between the maximum scour depths was not greater than 1%
in 43% of the experiments carried out under fed and non-fed conditions. In 86% of the experiments, this difference
was at most 5%. Similarly, in 43% of the experiments, the difference between final scour depths was not greater than
1%, while in 90% it was at most 5%. Therefore, it can be said that there was no significant change in scour depths in
the absence of sediment feeding. Still, in order to support this conclusion, it is necessary to examine the change in bed
morphology and bed load. Scour holes at the end of the Hid55-38 are given in Figure 4 as an illustrative example, for
the piers D4, D8 and D11.

Figure 4. Scour holes at the end of the Hid55-38 for the pier a) D4; b) D8; and c) D11

The parameter of total flow work (W) defined as total flow work done on bed when the base flow is at threshold
for incipient motion of median sediment size [18] was commonly used by Lee et al. (2004), Bombar et al. (2011) and
Wang et al. (2019) [19, 20, 13] to identify the effectiveness of hydrographs on sediment transport. This parameter can
be calculated from:

2
— ubvol

W,
ay,B

1)

Where u,is the shear velocity of the base flow, V,, is the volume of the water created by hydrograph through its
duration and can be simply calculated from the area of the hydrograph, g is gravitational acceleration, y,, is the base
flow depth, B is the channel width.

A parameter identifying the effectiveness of hydrographs is unsteadiness, proposed by Graf and Suszka (1985)
[21], calculated as follows:

=iyp_yb
u, t

P

@)

Where y,, is peak flow depth, t is the duration of the hydrograph.
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Wang et al. (2019) proposed the parameter & which is a combination of Wyand P. They stated that this expression
is well correlated with data available in the literature.

£=W, po2 (3)

This parameter was associated with sediment yields for both uniform and nonuniform sediments and highest
incision depth (Azo). According to their study, Azooccurred at the upstream end of the test section which is consistent
with the present study. The only difference observed in experiments conducted under fed and non-fed conditions was
that when feeding with the collected amount of sediment, a small mound was formed at the upstream end (feeding
point), and in the case of non-fed, a degradation was observed at the upstream end. Wang et al. (2019) [13] proposed
an equation to predict normalized largest incision depth Azg = Az, /y,,.

Az, =0.2191£°%% 4)

Bed shear velocity of the base flow u, = (gRS,)%® is 0.027 m/s which is below the critical bed shear velocity (u,.)
= 0.032 m/s calculated from Shields diagram. Setting u,, low was necessary because any higher flow rate would cause
undesired scouring around the bridge pier during the base flow. However, it took 0.02-0.04 t at most to satisfy u,; >
u. for the incipient sediment movement. Hydrographs were readjusted by disregarding this short duration and
assuming Qp as 3.5 L/s and yy, as 0.018 m which satisfies u;,, > u,, only in the calculation of Wy. The so obtained
values are given in Table 2 with readjusted hydrograph durations (t").

Table 2. Unsteadiness and total flow work parameters of the hydrographs

Hydrograph t (sec) t* (sec) Yp (M) Vo (Md) Wy P (10%) £ Azy (M)
Hid33-20 360 345 0.051 2.85 65.9 4.076 21.9 0.012
Hid33-38 360 353 0.074 6.09 141.0 6.480 51.5 0.018
Hid55-23 600 575 0.056 5.61 129.8 2.759 39.9 0.016
Hid55-31 600 585 0.073 8.10 187.6 3.825 61.6 0.020
Hid55-38 600 592 0.080 10.21 236.4 4.264 79.4 0.023

Hid1010-28 1200 1160 0.065 14.21 328.9 1.662 91.5 0.025

Hid1010-33 1200 1170 0.072 17.26 399.5 1.881 1139 0.027

Calculated Az values indicate highest incision depths. The highest incision depths occurred at the upstream end
and this finding is compatible with the results of Wang et al. (2019) [13] where there is a net bed degradation at
downstream but considerably low comparing to Azg. They indicated the presence of a transition region which was
affected from unsteady flow conditions most, and downstream of this transition zone was relatively unaffected. Two
of their results with relatively low W show no bed elevation change at downstream. Bed level degradation along the
channel can be predicted according to the different & values by (Figure 5), where x* = x/L, L is the length of the test
zone.
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Figure 5. Bed level degradation along the channel according to the §

The pier is located at x* = 0.65 in the present study. When the first four & values in Table 2 are located in Figure 5,
negligibly small degradation is observed. Although the last three & values are beyond the limits of Figure 5, bed level
degradation over the pier zone seems to be negligible. Consequently, the order of magnitude of the occurred bed
degradation was so that it would not affect the size of the scour hole.
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The amounts of the total sediment load collected in experiments conducted under fed and non-fed conditions are
given in Figures 6a to 6g, together with the discharge curve. The comparison of the total sediment load collected in
experiments performed under fed and non-fed conditions also supports this conclusion. The lag between the total
sediment load and the discharge curve was not considered since it does not affect the comparison of the total sediment
load for both conditions. However, first baskets of each experiments were empty (or negligibly small amount) as a
result of the lag. The differences between the amounts of the sediments collected in the baskets during with and
without sediment feeding experiments, AW, were divided to the total sediment load W. The so obtained ratios AW/W
are given in Table 3. The difference is less than 10% for 78% of the baskets. Considering the stochastic character of
sediment movement and the fact that the amount of sediment collected in some baskets under non-fed condition was
higher, the effect of the sediment feeding on total sediment load for the performed experiments can be regarded as
insignificant. Since the most distinctive property of live-bed scour is sediment transport, this conclusion supports the
scour depth results given in Figures 3a to 3g.

Table 3. Percentages of the collected sediment differences during with and without feeding experiments

AW/W (%) Baskets (%)
<1 18.52
<2 35.19
<3 35.19
<4 50.00
<5 55.56
<6 59.26
<7 62.96
<8 66.67
<9 75.93
<10 77.78
Hid33-20 Hid33-38
1500 25 4000 40
I Non-Fed I Non-Fed
[ Fed a [ Fed b
= Discharge — Discharge rss
+ 20
3000 A r 30
1000 4
. t 15 P [
o —~ 2 —~
e ) I ey G
5, \;, & 2000 203
(3] (3] (0]
2 k10 =
F 15
500
1000 4 + 10
F5
t5
0 0 0 Lo
0 60 120 180 240 300 360 0 60 120 180 240 300 360
time (sec) time (sec)
Hid55-23 Hid55-33
2000 25 3000 35
I Non-Fed I Non-Fed
— c 3 Fed d
—— Discharge 25004 —— Discharge r 30
+ 20
1500 4
25
2000
— + 15 —
S 1000 - =3 S 1500 - g,
] o () L
; L 10 ; 15
1000
t 10
500 4
k5
500 L s
0 4 o 0 0
0 60 120 180 240 300 360 420 480 540 600 660 0 60 120 180 240 300 360 420 480 540 600 660
time (sec) time (sec)

912



Civil Engineering Journal Vol. 7, No. 05, May, 2021

Hid55-38 Hid1010-28
4000 40 5000 30

I Non-Fed I Non-Fed
[ Fed f
r3s = Discharge L 25

[ Fed
—— Discharge

4000
3000 30
F 20
F25
S < 3000 _
z 7| |z g
£, 2000 { 03| 5 e
() o L o
2 = 2000
F15
t 10
1000 4 10
1000
5
5
0 4 0 0 -0
0 60 120 180 240 300 360 420 480 540 600 660 0 120 240 360 480 600 720 840 960 1080 1200
time (sec) time (sec)
Hid1010-33
6000 40
I Non-Fed
[ Fed g | 35
5000 4 Discharge
30
4000
25
C) -
d
e -~
S 3000 - F20 3
g o
15
2000 -
10
1000 -
5
0+ Lo
0 120 240 360 480 600 720 840 960 1080 1200
time (sec)

Figure 6. The amount of the total sediment load and discharge curve for each hydrograph

4. Conclusion

A large-scale experimental program of 42 runs was conducted to investigate the effects of sediment feeding on
live-bed scour depth to provide contributions for the future experimental procedure. In the experiments with and
without sediment feeding, the difference between the maximum and final scour depths were found negligibly small. In
86% of the experiments, the difference between the maximum scour depths were lower than 5%. In 90% of the
experiments, the difference between the final scour depths were lower than 5%. The difference between the total
sediment loads were found to be negligibly small as well. The major difference was the bed degradation at upstream
and this degradation disappeared gradually in relatively short distance without affecting approaching flow parameters.
Bed degradation at downstream was found to be negligible. These results are in accord with the findings of Wang et
al. (2019) [13].

Although it is known that sediment feeding is necessary if the equilibrium scour depth is investigated, this may not
be required in some experiments concerning temporal evolution of the scour depth. It can be thought that it is not
necessary to feed the flow when there is sufficient sediment in a long enough flume because the flume will be able to
feed itself from the upstream sediment deposit. In other words, a long enough flume with sufficient sediment may not
require sediment feeding for an experiment that will take certain time. The predetermination of the flume’s “self-
feeding” capacity within the limits of the experiments can avoid undertaking the experiments with sediment feeding
which is more difficult and time consuming. Further studies worth being performed by using different hydrographs
and various bed materials to clarify the upstream feeding capacity of the flume. It would also be interesting to carry
out some experiments with different feeding rates in order to determine the “self-feeding” concept.
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