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Pile groups are important hydraulic structures and scouring around them is not only affected by the flow
characteristics but also by the number and arrangement of piles in a group. This research experimentally
investigates the temporal scouring around pile groups subjected to single peak hydrographs in clear-
water conditions. Results show that the scouring depths around rear piles downstream of the lead could
be decreased during the hydrographs by up to 24% of the pile diameter, and that the final scour depth is
different from the maximum scour depth. This backfilling process is originated from washing the depo-
sition zones to the downstream piles during the falling limb and affected by the hydrograph unsteadiness
properties.

� 2021 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Ain Shams Uni-
versity. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/

by-nc-nd/4.0/).
1. Introduction

Pile groups are commonly used in different shapes and arrange-
ments to sup- port hydraulic and marine structures, such as
bridges, platforms, etc. Scouring is the most critical phenomenon
about these elements in fluvial beds that affect their stability. Each
pile in a group has an individual scouring mechanism that can
influence the other piles in the group. The following are mecha-
nisms that make pile group scouring more complicated than a sin-
gle pile: 1) sheltering, 2) reinforcement, and 3) horse-shoe vortex
compression [1].

As pile groups are popularly used for economical and geotech-
nical reasons, a substantial amount of research about the scouring
around them has been per- formed. There are some proposed
methods and equations for predicting scouring depth around sin-
gle piles and pile groups which are the results of previous studies
[e.g., [1–6]]. More recent attention has focused on the arrangement
and geometric variables and their effects on the scouring size and
process in steady flow. Several reviews of the angle of attack, spac-
ing, numbers, and pile diameter have been undertaken [e.g., [7–
11]]. Amini et al. [6] studied scouring around pile groups in shal-
low water, and in addition to the geometric parameters, they
added submergence of structure to their variables. Also, Lanca
et al. [12] investigated the long-time duration of steady flow in dif-
ferent geometric parameters like number of piles, pile spacing and
skew angle.

As seen, most studies in the field of scouring around pile groups
have only focused on steady current, and there is a relatively small
body of literature that is concerned with scouring in pile groups in
unsteady flow, while floods, waves and unsteady flows are the
most destructive phenomena in rivers and coastal environments.
The effect of unsteady flow around pile groups was first demon-
strated experimentally by Chow and Herbich [13]. In their seminal
study the influence of relatively large spacing and different
arrangement on wave-induced pile group scouring was investi-
gated. Sumer and Fredsøe [14] introduced the Keulegan-
Carpenter number as the main parameter that governs the wave-
scour process and carried out their investigation in the live-bed
regime for a different arrangement and relatively small spacing.
Mostafa and Agamy [15] focused on the effect of waves against
current on scouring around single pile and different pile group
arrangements in the clear-water regime. Larsen et al. [16] experi-
mentally studied tsunami-induced scour around a monopile foun-
dation commonly used for offshore wind farms and compared the
results to a fully coupled hydro- dynamic and morphologic CFD
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Nomenclature

D Pile diameter (m)
d50 Median grain size (m)
dBF Backfilling depth (m)
ds Scouring depth (m)
F Froude number (-)
g The gravitational acceleration (m s�2)
h Flow depth (m)
Ks Nikuradse’s equivalent (Ks2.5d50) (m)
Qb Base flow discharge (l s�1)
qB The rate of bed load transport (m3 s�1)
Qp Peak flow discharge (l s�1)
Ref The grain Reynolds number (-)
S Center to center distance (m)
Td Hydrograph time duration (minute)

Tp Hydrograph time to the peak (minute)
Uf Friction velocity (m s�1)
V Mean velocity of the flow (m s�1)
Vb Hydrograph base flow mean velocity (m s�1)
" Total volume of sediment transport (m3)
Α Amplification factor (-)
h Shields number (-)
hc Shields number center at incipient motion for the far

field sediment (-)
r Sediment nonuniformity parameter (

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d84=d16

p
) (-)

UB Non-dimensional bed load discharge (-)
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model (as used for the same purpose by Larsen et al. [17]). Also,
there is some literature about the effect of flood waves and hydro-
graphs on scouring around monopiles and bridge elements [e.g.
[18,19]]. Considering the importance of floods, Oliveto and Hager
[20] investigated the time-dependent local scour at abutments,
spur dike and pier bridge and the effect of unsteady flow during
the floods is one part of their study. Lai et al. [21] evaluated the
flow unsteadiness effects for achieving the maximum scour depth
around a single pier bridge in the clear-water regime. ĺopez et al.
[22] and Link et al. [23] proposed an approach to estimate the final
scour depth under a flood wave. The research of Link et al. [23] is
among those that focused on the temporal evolution of scour depth
in different hydrographs and total effective work exerted by the
hydrograph.

Together, these studies indicate that some research has been
carried out on wave-induced scouring around pile group and
flood-induced scouring around the single pile, but the response
of pile group scouring process to unsteady flood waves is not fully
understood. This paper uses the experimental investigation of
three piles in the tandem arrangement as a pile group and analyses
the impact of hydrograph unsteadiness on scour in the clear-water
regime. The other purpose of this paper is to describe the time vari-
ation of sediment transport and scour depth around each member
of the group during the flood.
2. Experimental set-up

The experiments were conducted in a flume 10 m in length,
0.74 m in width and 0.6 m in depth at the Hydraulic Laboratory
of Shahid Chamran University. In the flume a pump (Pumpiran
EA200-23) was used to drive the water from an underground reser-
voir to a head tank with 0.6 m length, 1.5 mwidth and 2 m depth at
the beginning of the flume. A flow straightener at the entrance of
the flume and a weir at the end were adapted to respectively
decrease the entrance flow fluctuation and to control the water
depth. A false bed was built at the bottom of the flume with
0.15 m height, with a 1.7 m length sand bed located 2.8 m from
the inlet. The sediment part of the bed was filled with
d50 = 0.0007 m uniform sand (Geometric standard deviation of
the sand size) r = 1.3) and the other parts were covered with the
materials as rough as the sand. The bed was leveled by a leveling
tool before each experiment. Fig. 1 illustrates the equipment and
geometric dimensions.

Three piles with diameter D = 0.05 mwere adapted in the center
line of the flume and the first pile was located at 3.1 m from the
flume inlet. According to previous research (e.g Hannah 1978;
2

Breusers and Raudkivi 1991; Nazariha 1996; Ataie-Ashtiani and
Beheshti 2006) the maximum scour depth and effect of pile groups
on scouring, occurs in relative spacing of 3 � S/D � 5 where S is
center to center pile spacing. For smaller values (i.e. S/D <3), weak
inner horse shoe vortex caused the pile group to effectively act as a
single pile, and for larger (i.e. S/D > 5) each pile scouring hole is
near to be independent on each other and there is weak interaction
between them. For this reason, two additional piles were located in
tandem at the distance four times diameters (S/D = 4) from the first
pile, which is expected to correspond to the spacing having the
greatest group affect.

The flume was equipped with a hydrograph producing system
include a programmed LS iG5A inverter that was connected to a
pump to control the discharge, and also connected to a calibrated
electromagnetic flow meter (MegAb 3000) to receive the feedback.
This system was able to implement the exported hydrograph data
(discharge versus time) with 1 l s�1 accuracy. This study has con-
ducted unsteady tests using 27 different hydrographs to probe
the effect of flood unsteadiness parameters on pile group scouring
with constant relative pile spacing and three steady tests to com-
pare the temporal scouring process during the steady and unsteady
flow. These hydrographs include a complete matrix involving three
different peak flow discharge (Qp) values, three different time dura-
tions (Td) and three different shapes (Tp/ Td, Tp stands for the time at
the peak flow). The parameter Tp/Td shows the skewness of the
hydrographs. Fig. 2 shows the characteristics and definition sketch
of a typical hydrograph. The steady experiments were conducted
with the three different peak discharge of the hydrographs to
investigate the temporal scouring around pile group in steady flow.

All experiments were done in the clear-water regime and the
base flow was chosen in the condition that the scouring was about
to start. Table 1 presents the base flow condition that was constant
for all hydrographs. Table 2 and Table 3 present experimented vari-
ables in unsteady and steady flow by detail. In these tables, all the
variables with subscript b and p correspond to base and peak flow
characteristics, respectively. The friction velocity (Uf) was calcu-
lated using the well-known flow resistance formula [24]:

V
Uf

¼ 6þ 2 � 5ln h
Ks

� �
ð1Þ

here Ks = 2.5d50 is Nikuradse’s equivalent sand roughness and h is
the flow depth. Here F = V/(gh)^0.5 is the Froude number, g = 9.80
6 m s�2 is the gravitational acceleration, V is the mean(Cross-
sectionally averaged) flow velocity, Ref = Uf d50/m is the grain Rey-
nolds number with m = 10�6 m2 s�1 the kinematic viscosity of water.
In these tables Shields parameter is defined as:



Fig. 1. A schematic view of experimental set up and details.

Fig. 2. A sketch of hydrograph characteristics.

Table 1
Base flow condition for unsteady experiments.

Qb (l s�1) Vb (m s�1) F R

24 0.16 0.12 8.
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h ¼ Uf

g s� 1ð Þd50
ð2Þ

with its critical value (incipient sediment motion) estimated using
the expression of Sui et al. [25]:

hc ¼ 0 � 17 Ref þ 0 � 6� � �0�8ð Þ þ 0 � 45exp �40Re�1�3
f

� �
ð3Þ

Fig. 3 shows the location of base flow and three different peak
flows from the experiment’s hydrographs on the Shield diagram.
This figure indicates that all the experiments in this study were
carried out in clear-water regime.

Before conducting each experiment, a temporary tailgate was
kept closed, and the water was slowly filled from both the inlet
and outlet of the flume. When the water depth was close to the
base flow depth, the tailgate was opened gradually, and the inlet
flow discharge was increased simultaneously to adjust the base
ef hb hc hb/hc

04 0.0075 0.0334 0.22



Table 2
Unsteady experiments conditions.

No. Case Td (min) (Tp/Td)⁄ Qp (l s�1) F Ref hp hc hp/hc

1 45–15-L 15 1/3 45 0.17 12.8 0.0188 0.0318 0.6
2 45–30-L 30 1/3 45 0.17 12.8 0.0188 0.0318 0.6
3 45–60-L 60 1/3 45 0.17 12.8 0.0188 0.0318 0.6
4 52–15-L 15 1/3 52 0.19 14.1 0.0228 0.0323 0.71
5 52–30-L 30 1/3 52 0.19 14.1 0.0228 0.0323 0.71
6 52–60-L 60 1/3 52 0.19 14.1 0.0228 0.0323 0.71
7 61–15-L 15 1/3 61 0.21 15.8 0.0289 0.033 0.87
8 61–30-L 30 1/3 61 0.21 15.8 0.0289 0.033 0.87
9 61–60-L 60 1/3 61 0.21 15.8 0.0289 0.033 0.87
10 45–15-N 15 1/2 45 0.17 12.8 0.0188 0.0318 0.6
11 45–30-N 30 1/2 45 0.17 12.8 0.0188 0.0318 0.6
12 45–60-N 60 1/2 45 0.17 12.8 0.0188 0.0318 0.6
13 52–15-N 15 1/2 52 0.19 14.1 0.0228 0.0323 0.71
14 52–30-N 30 1/2 52 0.19 14.1 0.0228 0.0323 0.71
15 52–60-N 60 1/2 52 0.19 14.1 0.0228 0.0323 0.71
16 61–15-N 15 1/2 61 0.21 15.8 0.0289 0.033 0.87
17 61–30-N 30 1/2 61 0.21 15.8 0.0289 0.033 0.87
18 61–60-N 60 1/2 61 0.21 15.8 0.0289 0.033 0.87
19 45–15-R 15 2/3 45 0.17 12.8 0.0188 0.0318 0.6
20 45–30-R 30 2/3 45 0.17 12.8 0.0188 0.0318 0.6
21 45–60-R 60 2/3 45 0.17 12.8 0.0188 0.0318 0.6
22 52–15-R 15 2/3 52 0.19 14.1 0.0228 0.0323 0.71
23 52–30-R 30 2/3 52 0.19 14.1 0.0228 0.0323 0.71
24 52–60-R 60 2/3 52 0.19 14.1 0.0228 0.0323 0.71
25 61–15-R 15 2/3 61 0.21 15.8 0.0289 0.033 0.87
26 61–30-R 30 2/3 61 0.21 15.8 0.0289 0.033 0.87
27 61–60-R 60 2/3 61 0.21 15.8 0.0289 0.033 0.87

* Tp/Td = 1/3 : Positive skewness; Tp/Td = 1/2 : Normal skewness; Tp/Td = 2/3 : Negative skewness.

Table 3
Steady experiments conditions.

No. Case Td (min) Q (l s�1) F Ref h hc hp/hc

1 S-45 60 45 0.17 12.8 0.0188 0.0318 0.6
2 S-52 60 52 0.19 14.1 0.0288 0.0323 0.71
3 S-61 60 61 0.21 15.8 0.0289 0.033 0.87

Fig. 3. The base and peak flow of the hydrographs location on the Shields diagram.
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flow discharge without any sediment transport around the piles to
start the hydrograph (or the steady flow).

During the experiments, four cameras (Full High Definition
(FHD) resolution) recorded the scouring process from four different
angles to investigate the temporal changes (Fig. 4). All piles were
4

scaled carefully to extract the scouring depth from the videos
and remove the light deflection effect in the water. So, the scouring
depth was readable in the videos. The stopwatches in the pictures
show the time from the beginning of the experiment. The images
were exported from the videos in specific time steps (according



Fig. 4. View of temporal scouring in four different angles.
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to the stopwatches time) in each experiment. Then the scouring
depth at each time step was equal to the sediment level beside
the piles in its image minus the sediment level at the beginning
of the experiment. Also, assumed horizontal lines between the
scaled piles and knowing the piles spacing were used to measure
the deposition heights. The combination of these two measure-
ments produced the scouring profiles. The scouring processes were
investigated by the videos from different views.
3. Result and discussion

In flood waves flow characteristics, and consequently the effec-
tive parameters on scouring, change over time, and the scour depth
after the hydrograph is less than the equilibrium scour depth asso-
ciated with the corresponding peak discharge [23]. The present pile
group experimental results show that in some cases the final
scouring depth around the second and third pile is different from
the maximum scour depth during the flood. Due to unsteadiness
characteristics of the hydrograph the maximum scour depth may
Fig. 5. Longitudinal profile of temporal

5

occur before the end of the flood, and the scour depth around the
second or third pile may decrease during the flow by eroding the
deposited grains downstream of the previous pile and depositing
them within the next scour hole. Previous studies on scouring
around pile groups in steady flow show that the scour depth
increases over time and that there is no backfilling in steady flow
scouring. The steady experiments of this research confirm the
absence of the back-filing in steady flow scouring process. There-
fore, this backfilling can apparently be attributed to the change
in flow (unsteady) characteristics over time. Fig. 5 presents the lon-
gitudinal profile of the scouring during the two tests 61–60-N and
45–60-N (Table 2). These have been chosen as the example hydro-
graphs, as they share a common time duration and shape, but with
varying peak flow discharge. This figure indicates the back-filling
process described above, which corresponds to 24% of the pile
diameter for the third pile in the first case (61–60-N) and 15% for
the second pile in the second case (45–60-N). In the following
sub-section, the effects of the key parameters of the hydrograph
(Qp, Td and Tp/ Td) and the steady flow results will be investigated
separately, in the following sub-section.
scouring: (a) 61–60-N (b) 45–60-N.



Fig. 6. Temporal scouring in different hydrograph time duration and peak (Tp/Td = 1/2).
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3.1. Effect of peak discharge (Qp)

Fig. 6 provides nine hydrographs with the same shape (Tp/
Td = 1/2, i.e. normal hydrograph) and different time duration (Td)
and peak discharge (Qp) in the first row. The other three rows illus-
trate the maximum scouring depth around each pile (ds1, ds2, ds3)
during the passing of the hydrograph. In the scouring process
around the vertical piles, particles are being lifted and moved for-
ward by the horseshoe vortex and deposited downstream of the
pile while the size and the rotational speed of the vortex decreased.
The extra mechanisms (sheltering, reinforcement, and horse-shoe
vortex compression) caused piles to affect each other in the group
arrangement. These mechanisms vary according to the flow char-
acteristics. Due to the low discharge and low intensity at the begin-
ning of the hydrograph, scouring occurred separately for each pile
by a small vortex. For this reason, in the first minutes of the hydro-
graph, the scouring depth for each of the piles is roughly equivalent
(see Figs. 5 and 6). Increasing the discharge further caused the vor-
tices to grow and affect each other by compression mechanism. As
shown in Fig. 6, the first pile scouring depth (ds1) increased faster
than the others due to the direct flow attack and the larger vortex.
This process continued during the rising limb of the hydrograph
and stopped after the start of the falling limb. Obviously, in the
hydrographs with larger peak, this process stopped in larger scour-
ing depth and width. As 15% and 26% decreasing the peak flow dis-
charge caused up to respectively 17% and 37% of reducing the final
scour depth around the first pile.
6

What stands out in the longitudinal investigation of the exper-
iments was that, in the hydrographs with the same time duration,
the larger hydrograph peak discharge drove the scoured grains
from the first pile downstream; because of the larger flow intensity
and vortex size, and did not give them the opportunity to deposit
behind the first pile. Also, any deposition after the second pile
washed downstream during the rising limb. The grains moved
downstream, and as the second pile’s horseshoe vortex is smaller
than the first one (due to the sheltering role of the first pile), the
scoured grains deposited downstream of the second pile. Thus, at
the peak of the hydrograph the deposition height downstream of
the second pile was larger than the first pile. With this concept,
in the hydrographs with lower peak discharge, the deposition
height after the first pile was greater than the second one because
of the weaker reinforcement effect and rising limb flow intensity
(Fig. 5).

During the hydrograph and decreasing the discharge after the
peak time, the flow intensity reduced and did not have the capacity
to increase the scouring depth around the piles further, but it still
had sufficient capacity to erode the deposition region, moving the
grains downstream, transporting them to the next scouring hole,
and causing the subsequent back-filling. Therefore, the larger
deposition height had increased likelihood of moving grains to
the next scour hole. What stands out from the data in Fig. 6 is that,
in the hydrographs having the same time duration, when the peak
discharge was larger, backfilling occurred around the third pile due
to the greater deposition height after the second pile in falling
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limb. Also, as the peak discharge was smaller, backfilling occurred
around the second pile due to the greater deposition height after
the first pile. Approaching the end of the hydrograph and reducing
the flow intensity and vortex power, all these processes ceased.

3.2. Effect of time duration (Td)

The effect of the duration of the hydrograph will now be inves-
tigated. It can be seen (Fig. 6) that for the same peak discharge
hydrographs, when the duration was longer the final scouring
depth around the first pile was larger. Because of rising the dis-
charge in longer time let threshold and horseshoe vortex to erode
more particle and ran them farther. Results show that by 50% and
75% decreasing of the hydrograph time duration (Td), the final
scour depth around the first pile decreased respectively by 11–
14% and 20–26%, which in the lower peak discharge hydrograph,
the time reduction effect was less.

Hence, in the shorter time hydrographs, transported particles
travel less distance, and the deposition height after the first pile
is greater than the second one. This explains why there is more
backfilling around the second pile compare to the third one. Since
for the same shape of the hydrograph, shorter time duration means
shorter rising and falling time, and in short time duration hydro-
graphs the vortices around piles have less time to make the depo-
sition during the rising limb and eroding the deposition in the
falling limb. In hydrographs sharing the same peak discharge,
shorter time duration caused less backfilling. As in the hydro-
graphs with 15 min time duration, back-filling values are equal
or less than 10% of the pile diameter due to the less time to forming
deposition region and their erosion. The maximum effect of the
time duration on the maximum scour depth around the second
and third pile is respectively about 22% and 18% for 75% time dura-
tion reduction. The effect of the peak discharge on maximum scour
depth also decreased with decreasing the time duration of the
hydrograph. In hydrographs with less time duration, less difference
was observed between the maximum scour depth around the piles
in the hydrographs with the same time duration and different peak
discharge. However, the effect of peak discharge on the scouring
around the second and third pile is less than the first one.

Overall, in most cases, the final scour depth around the first pile
after the hydrographs with the larger peak discharge and shorter
time duration was more than for the hydrographs with smaller
peak discharge and longer time duration. Accordingly, it is realized
that the effect of peak discharge on the final scour depth around
the first pile was of greater importance than the time duration.
For the scouring around the second and third piles, it can be con-
cluded that a larger peak discharge and longer time duration,
resulted in increased backfilling around the third pile. Likewise,
as long as the peak discharge is smaller and time duration is
shorter, less back-filling occurred around the second pile. Ulti-
mately, the reduction of both peak discharge and time duration
caused the amount of back-filling to reduce.

Although in the majority of cases the final scour depth around
the third pile increased with the reduction of hydrograph time
duration (Td), the maximum scouring depth during the hydro-
graphs with the longer time is more than with shorter time. This
difference is due to the excessive amount of back-filling in longer
time hydrographs.

3.3. Effect of hydrograph shape (Tp/ Td)

Link et al. [23] indicated that hydrograph shape affects the
evolution of scour depth and scour rate during the flood, but
not the final scour depth after the flood. Due to the additional
mechanisms in the pile group, changing the flow characteristics
along the hydrograph also change the effect of pile group mech-
7

anisms. It is apparent from the present results that for the hydro-
graphs with the same peak discharge and time duration, the
shape of the hydrograph affects the final and maximum scour
depth, and also backfilling around the second and third piles,
although its effect was insignificant about the first pile (similar
to a single pile). Fig. 7 shows that the difference between the final
scour depth around the first pile, in 60 min hydrographs with dif-
ferent shapes, was less than 5% of the pile diameter. Also, it is evi-
dent that, while the value of final scour depth was controlled by
the peak discharge, scouring evolution was controlled by the
shape of the hydrograph. Results show that 33% steeper/milder
rising limb caused 44% faster/later final scour depth achievement
around the first pile.

Investigation of the scouring process around the second and
third piles illustrates that in the hydrographs with steeper rising
limb scouring occurred faster due to the larger flow increasing
acceleration and the grains were accumulated at the downstream
of the piles. So, the deposition heights were considerable for erod-
ing by the rest of the hydrograph. In the falling limb of the hydro-
graphs, the flow had enough time to erode the depositions and fill
in the downstream holes, if the next pile horseshoe vortex power
let it to do. On the other hand, in the hydrographs with the milder
rising limb, the flow had more time to move the grains to the
downstream and sides due to the less acceleration, and after the
peak of the hydrograph, steeper deceleration flow caused eroding
the deposition regions and back-filling.

Investigation of the shape of the hydrograph in the other time
duration (Figs. 8 and 9) shows that the hydrograph shape effect
in the second and third piles decreased by decreasing the time
duration, and this reduction was more for the third pile. Finally,
scrutiny of the three different hydrograph shapes resulted up to
8%, 12% and 12% of the pile diameter difference for maximum scour
depth, final scour depth and backfilling value around the second
pile, respectively. These percents for the third pile are 16%, 14%
and 6% of the pile diameter. Not only are these differences not
highly significant, but also, they did not change systematically by
changing the hydrograph shapes. However, these results indicate
that the effect of hydrograph shape on second and third pile scour-
ing in a pile group is more than the first one. More changes in
hydrograph shapes or the number of the pile group may result in
more effect on the scouring process, which can be investigated in
future studies.

It was stated earlier that due to the discharge increasing during
the rising limb, horseshoe vortices strengthen, and increase the
scouring depth and deposition regions, while they lose their scour-
ing power during the falling limb and discharge reduction. So, they
do not have enough power to increase the scouring depth, but they
still have the power to erode the deposition regions and move the
grains forward. But occurring backfilling around the next pile
depends on its horseshoe vortex power during the deposition ero-
sion. If the vortices are strong enough to move the grains forward
and to the sides, the backfilling does not occur. Otherwise the
deposition grain deposit around the next pile after eroding during
the falling limb.

For each peak discharge, the cases with dash line in Figs. 7 and 8
and the cases with dash point line in Figs. 8 and 9 respectively have
the same rising time. Comparing the results of these experiments
shows that the peak discharge and the rising time of the hydro-
graph control the scouring value, while the peak discharge and fall-
ing limb of the hydrograph control the back-filling amount. Also,
the cases with dash-point line in Figs. 7 and 8 and the cases with
dash line in Figs. 8 and 9 respectively have the same falling time.
A comparison of the results reveals that in addition to the falling
limb of the hydrograph, the deposition height is very effective on
back-filling, which is proportional to the rising limb characteristics
(time and discharge).



Fig. 7. Temporal scouring in different hydrograph shape (Td = 60 min).

S. Abolfathi, Seyed Mahmood Kashefipour, D.R. Fuhrman et al. Ain Shams Engineering Journal 13 (2022) 101565
Table 4 provides a summary report of maximum scour depth,
final scour depth and backfilling value as a ratio of the pile diame-
ter. It is apparent from this table that depending on the unsteadi-
ness characteristics of the flood hydrograph, the final and
maximum scour depth in some cases were different up to 15%
and 24% of the pile diameter for the second and third pile, respec-
tively. Therefore, unlike the steady flow in which the final scour
depth is equal to the maximum value, the investigation of the final
scouring depth after the flood hydrograph alone can cause an
underprediction of the maximum scouring depth.
3.4. Pile group scouring in steady flow

Fig. 10 shows the steady results in this study which confirms
the previous results about steady flow. The remarkable point in
the micro investigation of the pile group temporal scouring is the
specific period in the second or third pile scouring process in which
the scouring depth is constant for a while, unlike the first pile
scouring depth that was additive during the experiment. In this
period, the rate of the eroded sediment from the previous deposi-
tion region is equal to the eroding sediment around the current pile
8

due to the constant vortex power during the time. By continuing
the flow, the previous pile’s deposition region eroded completely,
and the scouring depth of the current pile increased. As shown in
Fig. 10, this phenomenon occurred more for the second pile in lar-
ger flow discharge (52 and 61 l/S) due to the larger deposition
region after the first pile and more powerful horseshoe vortex to
eroding them and move forward. Also, this period was shorter
for the larger flow discharge, 61 l/S (larger flow intensity). So, the
deposition region after the first pile eroded fast and the scouring
process continued by increasing the scouring depth around the
second pile. The other point in this figure is that the effect of flow
discharge changing around the second pile is more than the first
and third pile, which showed that the reinforcement Mechanism
is more powerful around the second pile. As 26% decreasing in
the flow discharge, 63% decreased the final scouring depth. This
value is 24% and 14% for the first and third pile.
3.5. Dimensional analysis and modelling

Scour depth around pile groups in uniform sediment bed is
dependent on the variables characterizing the fluid, flow, sedi-



Fig. 8. Temporal scouring in different hydrograph shape (Td = 30 min).
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ment, and piles geometry. Dimensional analysis suggests the fol-
lowing dependence:

ds

D
¼ f h;Ref or hc;

D
d50

; g s� 1ð Þ; Shape
� �

ð4Þ

In this expression the effect of unsteady hydrograph on the pile
group scouring with the fixed geometry and spacing depends on
changing flow characteristic during the time which can be investi-
gated with the Shields parameters. On the other hand, the total
volume of sediment transport in the scouring process (") is pro-
portional to the sediment transport rate (qB,tot = qB.Td) and the pile
diameter (Eq. (5)). So, the scouring depth is also proportional to the
sediment transport rate.

8q~B;totD ð5Þ

ds

D
� qB;tot

D2 ð6Þ
9

Eq. (6) shows this expression in a non-dimensional form.
Meyer-Peter and Muller [26] presented the semi-empirical formula
(Eq. (7)) for calculating bed load discharge (UB), which is relevant
to the difference between the current Shields parameter (h) and
the critical Shields parameter (hc) related to the flow.

UB ¼ qBffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s� 1ð Þgd3

q ¼ 8 h� hcð Þ3=2 ð7Þ

Since the Shields parameter in clear water regime is less than
the critical value, the amplification factor (a) affects on the sedi-
ment transport rate and scouring which is shown in the following
equation.

qB �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s� 1ð Þgd3

q
ah� hcð Þ3=2 ð8Þ

In this study, the amplification factor is the ratio between the
bed shear stress and undisturbed bed shear stress [27] which has
been optimized with the amount of five (a = 5) due to the starting



Fig. 9. Temporal scouring in different hydrograph shape (Td = 15 min).
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the scour process with starting the base flow of the hydrographs.
So, the scouring rate at the base flow was about zero and began
with the hydrograph starting. By these concepts the scouring depth
in unsteady flow is proportional to the integration of the AT expres-
sion due to its proportionality to the sediment transport rate (Eqs
(9) and (10)).

qB;tot �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s� 1ð Þgd3

q Z1

0

ah� hcð Þ3=2dt ¼ AT ð9Þ

ds

D
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s� 1ð Þgd3

q
D2

Z1

0

ah� hcð Þ3=2dt ¼ AT ð10Þ

So, the scouring depth around each pile is a function of AT.

ds

D
¼ f ATð Þ ð11Þ
10
In Fig. 11 the maximum scour depth (ds) and backfilling (dBF)
related to different shapes of the hydrograph, are shown in differ-
ent point shapes which indicates that there was no relation
between the form of the hydrograph and maximum scour depth
or backfilling. This figure also illustrates that the amount of back-
filling in the second pile increased with increasing AT, with the
maximum amount occurring around 0.5. With the increase in AT

more than this value, the backfilling depth decreased around the
second pile and increased around the third one. As it is resulted
from this figure and the previous ones, by decreasing backfilling
depth around the second pile, the grains backfilled more around
the third pile, which this value is dependent on the AT (propor-
tional to the time du- ration and effective Shields parameter of
the hydrograph peak) and independent on the shape of the hydro-
graphs. According to this figure, the maximum scouring depth
increased with increasing AT for each hydrograph. But this increase
was more significant for the first pile. Also, in all cases, the maxi-



Table 4
The second and third pile scouring data.

No. Name The second pile The third pile

ds2,max/D ds2,end/D dBF2/D ds3,max/D ds3,end/D dBF3/D

1 45–15-L 0.27 0.27 – 0.36 0.36 –
2 45–30-L 0.29 0.24 0.05 0.35 0.34 0.01
3 45–60-L 0.32 0.2 0.12 0.42 0.36 0.06
4 52–15-L 0.28 0.23 0.05 0.44 0.44 –
5 52–30-L 0.3 0.18 0.12 0.52 0.46 0.06
6 52–60-L 0.36 0.34 0.02 0.52 0.36 0.16
7 61–15-L 0.3 0.2 0.1 0.48 0.48 –
8 61–30-L 0.42 0.3 0.12 0.48 0.42 0.06
9 61–60-L 0.5 0.48 0.02 0.58 0.4 0.18
10 45–15-N 0.34 0.32 0.02 0.42 0.42 –
11 45–30-N 0.28 0.22 0.06 0.4 0.4 –
12 45–60-N 0.27 0.12 0.15 0.5 0.5 –
13 52–15-N 0.36 0.3 0.06 0.42 0.4 0.02
14 52–30-N 0.35 0.28 0.07 0.52 0.48 0.04
15 52–60-N 0.4 0.4 – 0.48 0.38 0.1
16 61–15-N 0.34 0.28 0.06 0.46 0.44 0.02
17 61–30-N 0.36 0.36 – 0.54 0.46 0.08
18 61–60-N 0.42 0.42 – 0.56 0.32 0.24
19 45–15-R 0.28 0.28 – 0.34 0.34 –
20 45–30-R 0.32 0.28 0.04 0.38 0.38 –
21 45–60-R 0.28 0.2 0.08 0.34 0.3 0.04
22 52–15-R 0.36 0.28 0.08 0.5 0.5 –
23 52–30-R 0.36 0.3 0.06 0.52 0.5 0.02
24 52–60-R 0.4 0.34 0.06 0.46 0.3 0.16
25 61–15-R 0.38 0.28 0.1 0.48 0.46 0.02
26 61–30-R 0.34 0.3 0.04 0.5 0.4 0.1
27 61–60-R 0.45 0.44 0.01 0.54 0.34 0.2

Fig. 10. Temporal scouring in steady flow.
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mum scouring depth at the third pile was higher than the second
one, which may be due to the more sheltering role of the first pile
for the second one.
4. Conclusion

Investigation of the temporal scouring showed that due to the
change in flow characteristics, the effect of the pile group on each
other scour hole also varied. The purpose of this paper was to
investigate the effect of flood hydrograph unsteadiness character-
istics on the scouring process around the pile group. The results
indicated that in the decelerating limb of the hydrograph, deposi-
tion region was eroded to the next scour hole and caused back-
filling. The back-filling value and which scour hole was back-
filled, was controlled by flow intensity variation and pile group
mechanisms during the time. This sediment movement around
rear piles was observed in the steady flow, keeping scouring depth
constant for a while during the experiment due to the equal rate of
11
the deposition region movement from the previous pile and the
scouring process around the current pile.

The study contributes to our understanding of scouring around
pile group in flood waves and, strengthens the idea that temporal
scouring in pile group during the flood waves is more important
than the final scouring depth which can be different from each
other up to 15% and 24% of the pile diameter for second and third
pile, respectively. Thus, the maximum scour risks the structural
stability during the flood which can be predictable by using the
parameter AT and, the investigation of the final depth alone will
lead us to an error.

This study has identified accelerating flow caused scouring and
deposition region forming and, decelerating flow controlled the
backfilling and stop scouring process. These processes affected
the scouring hole around second and third pile up to respectively
38% and 34% of the pile diameter. Considerably more work will
need to be done to determine the effect of flood waves on different
space, arrangement, and geometry of the pile group.



Fig. 11. Maximum scour depth and backfilling around piles to AT.
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