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Abstract: This study presents the results of 32 laboratory experiments on local scour at a single pile and a 1 x4 pile
group for both uniform and non-uniform sediments under clear water conditions. The present study aims to evaluate the
effects of different sediment beds made up of mixtures of sand and gravel (four-bed configurations) in dsy (1-3.5 mm)
and gradation (1.4-3) ranges on scour depth for different flow discharges and flow depths. Further, the findings of the
experiments are deployed to describe the effects of pile spacing and flow conditions on the local pier scour for both
uniform and non-uniform bed granulometries. In addition, this study addresses the performance of some existing scour-
depth predictors. Also, the corresponding results are suitable for validating the numerical models in local pier scour
prediction importantly with non-uniform sediments. In summary, the results show that effects of sediment gradation
dampen with increasing flow shallowness. Furthermore, the maximum scour depth at pile groups generally increases as
pile spacing decreases for uniform sediments, whereas the mentioned trend was not observed for non-uniform sediments
for the same flow and sediment conditions. Moreover, the experimental results revealed that bed sediment gradation is a
controlling factor in the pile’s scour. Thus, the existing scour depth predictions could be highly improved by considering
sediment gradation in the predictions. Finally, the conclusions drawn from this study provide crucial evidence for the
protection of bridge foundations not only at the front pile but also at rear piles.

Keywords: Laboratory tests; Local scour; Pile groups; Pile spacing; Sediment gradation; Uniform and non-uniform
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INTRODUCTION

The study of bridge pier scour is maturing, with a wealth of
well-understood methods dealt with laboratory scale experi-
mental studies on single pier scour. Research into clear water
single pier scour has provided different approaches for scour
predictions based on the understanding of flow-sediment-pier
interactions (Ettema et al., 2017). According to the early study
of Laursen (1963) on local pier scour, the scour process de-
pends on the characteristics of the flow field (flow depth and
bed shear stress), the sediment (critical shear stress for sediment
entrainment), and the structure (pier width/diameter). In the last
two decades, Melville and Coleman (2000), Sumer and Fredsee
(2002), and Ettema et al. (2011) have provided comprehensive
summaries of local pier scour. A majority of those experimental
studies have used fine uniform sand for the channel bed. While,
in nature, the river bed material generally consists of mixtures
of sand and gravel. It is noteworthy to mention that, in a non-
uniform sediment mixture, the fine particles start moving earli-
er compared to the coarse particles due to unequal mobility of
sand and gravel, which makes the bed surface to be armored
(Wilcock and DeTemple, 2005). There have been relatively few
studies reported in the literature relating to the scour in complex
mixtures of sediments. For example, Raudkivi and Ettema
(1977), Chiew and Melville (1989), and Dey and Raikar (2005)
examined the effects of non-uniform sediments on equilibrium
scour depths around bridge piers under both clear water
and live bed conditions. The corresponding results show that

the equilibrium scour depth with armored surface beds is less
than the equilibrium scour depth in uniform sediment beds with
the same dso (median grain size). Researches of Molinas (2001)
and Diab (2011) have also shown that scouring process and
scour hole geometry are affected by the composition of armor
layer. The study of Sui et al. (2010) on clear-water scour
around semi-elliptical abutments for the armored channel beds
showed that the scour hole extension decreases as armor layer
was being coarsened. Besides, the structure of armor layer is
influenced by the flow rate. The experimental observations of
Okhravi et al. (2019) revealed that with increasing the flow
rate, the armor layer became coarser, as more and more of the
sediment particles are transported by the flow. The recent rele-
vant studies of Mir et al. (2018) and Namaee and Sui (2019) on
the local pier scour pointed out that scour depth predictors for
the cases of realistic field conditions (i.e., river bed) should
incorporate at least both sediment gradation (o,) and ds, to
predict maximum scour depth with a higher degree of accuracy.

The above-referred studies were mostly based on consider-
ing a single pile/pier. The local scour mechanism at pile groups
can be more complicated than that of a single pile due to the
interaction of vortices generated at individual piles and to the
interdependence of secondary scour holes formed around each
pile (Alemi et al., 2019). It is noteworthy to note that a group of
piles can represent, for example, a pile-supported pier when the
water level is way below the level of the pile cap, meaning that
only the piles are exposed to the approaching flow.
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Previous studies in the case of pile groups were limited to
the uniform sediments and suggested different equations to
calculate an equivalent pier width to substitute the pier width in
the single- pier scour equations (e.g., Ataie-Ashtiani and
Beheshti, 2006; Coleman, 2005; Moreno et al., 2016; Sheppard
and Renna, 2010; Yang et al., 2020). To the best of the author’s
knowledge, no prior studies have examined local scour around
group of piles in non-uniform sediments. Hence, it is not yet
well understood how complex mixtures of sediments and the
following armor layer actually influence scour pattern at pile
groups especially at rear piles in tandem arrangement. This
paper addresses maximum depth, length, and width of the scour
hole near the front and rear piles in non-uniform sediment beds,
far lacking in the scientific literature.

The literature review has shown that local scour depth at pile
groups under clear water condition for fully developed flow
with non-ripple forming sediments (dso > 0.6 mm) can be de-
scribed by the following dimensionless parameters (e.g., Arneson
et al., 2012; Ataie-Ashtiani et al., 2010; Langa et al., 2013b):

d

di: = ¢ (Ky; Ky; Kg; Kis Kop; K Ko 03 m; n) (M
where ¢ characterizes a function; dg,, = maximum scour depth at
instant ¢ for a pile group; d,, = individual pile width or diameter;
Ky =h/d, = flow shallowness; Ky =d,/ds, = sediment coarse-
ness; K; =u/u, = flow intensity; 4 = upstream flow depth; u =
average approach flow velocity; u, = ultimate mean flow veloci-
ty for the incipient motion of sediment particles; K, = time
factor; Ky,=s/d, = pile spacing factor; s = distance between the
center of each neighbor piles; K and Ky = coefficients express-
ing pile shape and alignment of the individual piles; m and n =

the number of rows and columns in group of piles; g, =

+/ (ds4/d ) = gradation coefficient of the material forming the
bed, where dg, and d|¢ are the grain sizes that are coarser than
84% and 16% of the bed material by weight, respectively.

In the present study, in order to turn simple and clear the ref-
erence to the pile group, the piles arrangement was considered
fixed in all experiments (m =4 and n = 1), facilitating to inves-
tigate the impacts of non-uniform sediments on dg,,. The as-
sessments were performed for different piles spacing. A specif-
ic relation, Kg, = dgy/ds;,, is defined as a pile spacing index at
pile group with the concept that scour process evolves through
time (ds, = maximum scour depth at the single reference pile
for the same ¢ and same hydrodynamic conditions). Another
important point is that bed-armoring degree for non-uniform
material can be affected by different values of 2/d,, with direct
influences on the scouring process. Finally, for single cylindri-
cal piles with no skew-angle (K;= K, =1) and flow intensity
close to unity, Eq. (1) becomes

dsm h'dp_s_ 9
£ dy (odp)dso‘dp’gg) @

Ky

In summary, the aim of this study is to assess the effects of
sediment size and gradation in complex sediment mixtures on
the scour depth at a single pile and at pile group under different
flow condition. In the present study, two non-uniform sedi-
ments and two uniform sediments are deployed to appraise the
development of armor coat at the upstream flow bed and inside
the scour hole around single pile and four in-line circular piles
in tandem arrangement. The single pile case was considered to
be used as a reference case to the pile groups study. Moreover,
in view of the quality of the present data set, the results of the

single pile experiments are compared with those obtained by
Melville and Coleman (2000) and Guo (2012). The study also
aims at providing reference experimental data for the validation
of the numerical models in which non-uniform sediment is
considered in the local pier scour simulation. Finally, the cur-
rently available methodologies for scour depth prediction at pile
groups are evaluated using the collected set of data in terms of
adequacy of the predictors for non-uniform bed granulometries.

Methods for local scour depth prediction at pile-supported
piers

There are some methods developed to predict equilibrium
local scour depth at bridge piers with complex pier geometries
(i.e., pile-supported pier), under clear water flow conditions.
Presently, three methods of (1) Auckland reported by Melville
and Coleman (2000), and Coleman (2005); (2) Florida Depart-
ment of Transportation (FDOT) reported by (Sheppard and
Renna, 2010); and, (3) Federal Highway Administration, Hy-
draulic Engineering Circular No. 18, HEC-18 reported by Rich-
ardson and Davis (2001) and Arneson et al. (2012) are well
documented and acknowledged. A complete explanation for
these predictors is quite lengthy as they include several equa-
tions with multiple variables and factors. Hence, a more com-
prehensive description can be found in the bibliographic refer-
ences discussed along with this section.

Melville and Coleman (2000) proposed a procedure for
complex piers to predict ds,,,, by characterizing different com-
binations of pier components. The method is based on the as-
sumption that the complex pier can be represented by a single
pile with an ‘equivalent pier diameter’ defined by d,... The d,,
is the diameter of a single circular pile that would produce the
same scour depth as the complex pier, for the same sediment
and flow conditions. According to the pile group arrangement
of this study, d,. is the effective diameter of the one group of
four piles aligned with the flow. Melville and Coleman (2000)
suggest the following equation for computing ds,,. The equa-
tion formulated as a product of various K-factors is given as

dsm = Kna,, Ka K1 K K Ky A3)

where Kya,,= flow shallowness factor which depends on d,..

The method of HEC-18 predicts pile group equilibrium
scour depth (dg,,.) using the following equation, Eq. (4):

0.65

Asme d,
— 2K Ky Koo Ki(57)  Fr (4)

where Fr=u/(gh)*® = approach flow Froude number; K, =
correction for pile shape which is unity for circular piles; Kyoq =
correction for bed form which equals to 1.1 for clear water
scour; K, = correction of sediment mixtures (Richardson and
Davis, 2001).

Concerning the so-called FDOT method, Sheppard et al.
(2004) recommended that the total d,. for the structure of the
complex pier can be determined by the sum of the effective
diameters of the components making up the structure. Since the
pile-supported-pier is used in this study, the formulations de-
veloped for pile groups is only applied to compute d,,. and dge
(Sheppard and Renna, 2010). In accordance to this method, the
equation is formulated for equilibrium scour depth prediction as

dSme

d

pe

= 2'5Khdpe KI Kd (5)
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In local pier scour experiments with non-uniform sediment
mixtures, like those performed in the present study, bed armor-
ing is a predominant phenomenon, so the current work focused
on the predictors whose variables include the bed material
gradation effects (e.g., Melville and Coleman, 2000).

Experimental setup and procedure

The experiments on local pile scour were conducted in a rec-
tangular tilting flume at the hydraulic laboratory of the Faculty
of Agriculture at Bu-Ali Sina University (Hamadan, Iran). The
flume was 0.5 m wide, 10.5 m long, and 0.5 m deep. Water
flowing enters into an upstream reservoir equipped with a
screen and perforated bricks in a grid to smooth flow trajecto-
ries and to guarantee a transversal uniform flow distribution.
Immediately following the referred flow straightening, a zone
of coarse gravels, 2.5-m-long, was prepared to provide high-
bed friction and to secure a fully developed turbulent boundary
layer to be formed before the test section. Moreover, the en-
trance length of the channel was estimated theoretically for
greater confidence. The corresponding value(s) was (were) less
than the upstream length of the channel (i.e., distance between
the pier and inlet section). The water depth was regulated
through an adjustable tailgate at the downstream end of the
flume. Flow discharge was measured by an ultrasonic flow
meter located at the feeder pipe with a full-scale accuracy of
+1%. The piles were placed in the middle of a recess box (3 m
long), located 3.5 m downstream of the flume inlet. The box
was deep enough to model local scour to a depth of 0.15 m.

For all experiments, smooth Teflon pipes with a diameter
(d,) of 0.04 m were used to simulate cylindrical piles placed at
the centerline of the flume. The configurations of the pile group
used in this study consisted of a single alignment of four piles,
each configuration with a different pile spacing. In total, piles
arrangement type were named S; for the single pile; and S,, Ss,
and S, for three pile group configurations with different piles
spacing s/d, = 2, 3, and 4, respectively (see Fig. 1).

Four different sediment mixtures, named Cito Cs, with dif-
ferent dsy and o, were used for this study, two with uniform
sediments (o, < 1.5) and two with non-uniform sediments (o, >
1.5). Table 1 represents the sediment properties for different
sediment bed configurations. Also, particle size distribution
curves for four bed configurations are shown in Fig. 2. For non-
uniform sediments, an artificial trimodal sediment mixture was
used for sediment beds composition. The two non-uniform

A\

@

h Water

sediment mixtures were composed of a sand fraction (0.6 up to
2 mm) and two gravel fractions: a medium fraction (2—4.75
mm), and a coarse fraction (4.75-9.5 mm). The selected four
sediment beds with three different values of ds, (about 1, 2, and
3.5 mm) and g, (about 1.4, 2, and 3) provide the possibility to
evaluate the impacts of sediment gradation (¢,) and sediment
size (dsp) on the maximum scour depth and scour hole geome-
try. In fact, based on the prior studies by Langa et al. (2013a),
Lee and Sturm (2009), Sheppard et al. (2004), and Melville and
Chiew (1999) local scour depths observed in this study are
influenced by the sediment coarseness as d,/ds,<50. It is
worth noting that the flume sediment bed configurations are
similar to the upper and middle river reaches where different
sediment size fractions are exposed to the flow and the river
bed are gradually being armored. Hence, the findings of the
present study cannot be applied to the lower reaches of the river
bed where the armor coat has already been formed.

The experiments were set up under a subcritical flow regime
with two steady flow discharges of 20 L/s (Q1) and 35 (Q2) L/s
(characterized by different flow shallowness (/d,,), when flow
intensity (u/uc) was kept unchanged). The critical flow condi-
tion was estimated based on the criteria suggested by Melville
and Coleman (2000). The experiments were carried out on clear
water condition at threshold flow intensity u/u,~ 0.9 for uni-
form sediments. For a non-uniform sediment bed, the ratio u/u,
(u, is the average approaching flow velocity at armor peak)
indicates the transition state from clear water to live bed scour
conditions. Therefore, similar threshold flow intensity u/u, ~ 0.9
was considered fixed for non-uniform sediments. To determine
u,, the method of Melville and Coleman (2000) was used.

The flume was provided with a carriage (top of the flume),
which could be moved upstream or downstream. A laser meter
was mounted on the carriage for the bed bathymetry at the end
of each experiment. In addition, a handheld point gauge with an
accuracy of £1 mm was used for measurements of the scour
depth during the experiments. To visualize the bed topography,
more than 2300 bathymetry points were collected for each test
with an average distance of 1 cm between the measuring points.

The duration of the experimental runs was 8 h. Nevertheless,
some runs lasted 24 h to investigate the time required to
achieve the equilibrium scour condition. According to the ob-
tained results, 0.9dg, (t = 24 h) was observed after 6-8 h in the
tests with uniform sediments and after 2-3 h in non-uniform
sediment beds. In other words, for example in our reference
test, the increment of the scour depth after 8 h until 24 h was

(b)

Flow

-

Fig. 1. Sketch plan for single pile (a) and one group of four piles in-line with the flow (m =4 and n = 1) (b).
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Table 1. Sediment characteristics used in the present study.

Bed configuration dsy g ds Us, Tae d,/ds
(mm) (m/s)

Ci- Uniform sediment 2.06 1.45<1.5 50.48 0.0406 0.0426 19.41

Cz- Uniform sediment 3.48 1.41<1.5 85.28 0.055 0.0486 11.49

Cs- Non-uniform sediment 1.09 2.08 26.71 0.0258 0.036 36.7
1.04 2.98 25.48 0.0248 0.0357 38.5

Cs- Non-uniform sediment

Note: d« is dimensionless grain size of the media; u«, and 7, are the critical shear velocity and Shields parameter for each sediment

Fig. 2. Grain size gradation curve for four bed configurations (C1—Cs).

less than 1 mm. In accordance, several studies have indicated
that most of the scour occurs during the first 3 or 4 h of a test
(Amini et al., 2012; Ataie-Ashtiani and Beheshti, 2006; Mia
and Nago, 2003; Yanmaz and Altinbilek, 1991).

The maximum scour depth at the upstream side of each pile
was measured approximately every 5 min during the first hour
of the experiment. Afterward, the measurement interval was
increased to 10 min for the second hour, and then, only two
measurements were carried out each hour until the end of the

experiment.

RESULTS AND DISCUSSION
Data presentation and results for single-pile experiments

Table 2 summarizes the values of control flow variables and
dimensionless parameters used to characterize the experiments
for the case of the single pile. For example, C1S:1Q: indicates
the experiment with the single pile (Si) for the first defined
sediment bed (Ci, see Table 1) with a flow discharge of 20 L/s
(Q1). In order to avoid the effect of bow wave on horseshoe
vortex considering the criteria of Melville and Coleman (2000)
and Ballio et al. (2009), a reasonably high relative flow depth
(6.9 cm </ <14.8 cm; 20 <h/dsy < 136; h/d, > 1.4) was guar-
anteed.

The pile diameter was less than 12% of the flume width
(dy/B < 0.12, B = flume width) to prevent flow contraction

mixture.
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(Melville and Sutherland, 1988). From the other side, the con-
traction scour seemed absent since no bed degradation was
observed over the cross-sections. According to Yalin (1971),
the aspect ratio B/h < 5 applies to narrow channels, therefore,
the wall effect could be significant in some of the experiments
(see Table 2). To check the side wall effects on the flow field,
the temporal evolution of scour depth for a single pile case was
compared with Oliveto and Hager's predictions (2002). A good
fit was found for the time development of scour depth, thus, it
seems safe to conclude that, if eventually present, side wall
effects were minor in the present study.
Temporal evolution of the maximum scour depth for the four
sediment beds with two different flow rates (Qi and Q2) are
shown in Fig. 3. The effects of different types of sediment beds
on the dg, g, can be easily seen in Fig. 3 for both Qi and Q2
flow conditions. Overall, the scour depth increases with time.
The scour depth increases rapidly in the first 30 min and then
slows down till reaching the equilibrium state after about 8 h.
According to Fig. 3, more than 0.65ds;, g, and 0.75dg; g, Were
recorded after only 30 min from the beginning of the experi-
ment with uniform and non-uniform sediments, respectively.
The reduction in scour depth during the scour measurements in
non-uniform sediment beds was due to the abrupt placement of
individual large particles at the upstream side of the pile which
could impede additional erosion until they removed from the

foot of the pile.
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Table 2. Characteristic control flow variables and experimental results for the single pile.

Test Test h u Fr Ue Ua hid, ds; =gi/d,, ds,./d, [ x w*
numbers ID (m) (m/s) (m/s) (m/s) (cm)
1 Ci1S1Q1 0.09 0.49 0.51 0.55 - 2.25 1.53 1.56 32%26
2 Ci1S1Q2 0.14 0.53 0.45 0.59 - 3.5 1.8 1.86 40x30
3 C2S:1Q1 0.069 0.58 0.7 0.65 - 1.73 0.78 0.87 14x12
4 C25:1Q2 0.11 0.64 0.61 0.71 - 2.75 0.93 0.98 20x14
5 C3S1Q1 0.092 0.43 0.46 0.37 0.48 2.3 0.95 1.09 28%18
6 C3S1Q2 0.148 0.47 0.39 0.4 0.53 3.7 1.1 1.15 34%19
7 C4S1Qu 0.083 0.48 0.53 0.37 0.53 2.08 0.88 0.91 18x17
8 CsS1Q2 0.133 0.53 0.46 0.39 0.58 3.33 1.08 1.13 26x18

Note: / and w are the maximum length and width of the scour hole recorded at 7 = 8 h.
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Fig. 3. Temporal variations of single pile scour depth for two different flow rates: a) Q1=20 L/s andb) Q2=35 L/s.
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The effect of median grain size (d,/ds,) on the scour depth
is investigated by comparing the results obtained using the bed
configuration types of Ci ( d5p=2.06mm ) and C:
(dsp = 3.48 mm) for uniform sediments. The observations re-
vealed that an increase in dso (increase in 7,) resulted a decrease
in scour depth. When the median grain size of the material
forming the bed was increased approximately from 2.06 mm
(C1) to 3.48 mm (C2), a decrease of approximately 49% in
dg,—gn was observed for both flow conditions Qi and Q.
However, the effects of changing the sediment beds cannot be
addressed by only ds, in non-uniform sediment mixtures. Also,
the grain size distribution of the bed material and, in particular,
the volume percent of sand-sized bed particles plays a signifi-
cant role in the armoring process and the armor layer texture
(Curran and Waters, 2014; Mir et al., 2018; Orru et al., 2016).
To incorporate the effects of grain size distribution on the max-
imum scour depth in non-uniform sediment mixtures, the bed
material gradation should be employed.

The comparison between the bed configuration 1 and 3 (Ci
and Cs) showed that the change in geometric standard deviation
(o) from, respectively, 1.45 to 2.08 (by altering the uniform
sediment bed to non-uniform one), led to decreasing the maxi-
mum depth of scour by 38-39% in two corresponding flow
experiments, even when the ds, in C; bed material was almost 1
mm less than Ci. The reason for the reduction in scour depths is
the development of an armor layer on the approach flow bed
and inside of the scour hole for non-uniform sediment bed cases
(visually observed during the experiments). It should be men-
tioned that there was not a remarkable decrease in the scour
depth by the increase of the non-uniformity index (from Cs to
Ca4), since two corresponding sediment types were non-uniform.
Nevertheless, although the width of the scour hole is almost the
same for both bed cases Cs and Cs (as presented in Table 2), the
length of the scour hole decrease with an increase of g,. In fact,
for non-uniform sediment beds, the sediment deposition ridges
began to develop immediately at the base and exit of a scour
hole and increase the scour resistance to enlarge the width of
the scour boundary.

Bed Level
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From another point of view, the surface maps of topographic
data for two selected experiments of Ci1S1Qz and C3S1Q2, corre-
sponding to the same flow Q2 but differing in the bed material
Ci and Cs, are shown in Fig. 4. The highest scour depth oc-
curred upstream of the pile (Unger and Hager, 2006) for uni-
form sediment (C:S1Q2). While, for non-uniform sediment bed
(C5S1Q2), scour is mainly due to erosion at pile sides (see Fig. 4
right), attributed to the fact that the exposure of large individual
grains relative to the groove excavated in close proximity to the
pile deviates flow to the lateral sides of the pile. Fig. 4 also
shows a notable difference in sediment deposition pattern and
scour hole geometry between the two above-mentioned exper-
iments. In the non-uniform sediment mixture, the selective
transport of the finer particles from the bed surface exposes
large particles to the flow with different sizes, shapes, and
orientations that lay down the bed with different positions mak-
ing the surface texture asymmetric. This is the main reason for
the remarkable irregularities of the bed surface detected in the
eroded zone of the test C3S1Q2 (Fig. 4 right). Furthermore, it
should be noticed that fine sediments can still be winnowed at a
very feeble rate through the crevices created by the larger parti-
cles of the armor layer. It means that the fine particles can be
transported downstream and may rearrange the surface particles
until the stable armor coat is formed.

Another aspect of the present study is the impact of different
flow discharge rates (the effect of increasing flow depth with
the same flow intensity) on the development of the armor layer.
According to Guney et al. (2013), the armoring degree increas-
es with an increase in the flow discharge rate. Also, the armor
layer formed at the upstream flow bed was coarser in Q2 flow
condition compared to Q: in the present experiments with two
different flow rates (Q1&Q2) for the same sediment beds. On
the other hand, the areal development of the scour hole (/xw,
presented in Table 2) and the values of scour depths have in-
creased as the flow discharge increases. For example, a com-
parison between the results of tests C4S1Q1 and C4S1Qz indicates
an increase rate of 23% in dg; g, When the flow intensity (u/uc)
is kept the same.
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Fig. 4. Topographic map of the selected tests: a) C1S1Qz (the left column) and b) C3S1Qz2 (the right column).

119



Saeid Okhravi, Saced Gohari, Mahdi Alemi, Rodrigo Maia

In order to compare the results of the present study with
those obtained by scour predictors, the equilibrium scour depth
must be estimated. Following the notation by Moreno et al.
(2016), the equilibrium state in scour evolution can be obtained
asymptotically. Hence, the recorded scour depth values through
time were extrapolated to infinite time by the form of polyno-
mial function to estimate the equilibrium scour depth, dg,., as
suggested by Langa et al. (2010). In Eq. (6), ds, is the scour
depth at time #; and parameters mi (i = 1 to 6) are model coeffi-
cients obtained by the regression analysis. The values of root
mean square error (RMSE) and determination coefficient (R?)
between measured and estimated scour depths for the 8 experi-
mental tests ranged from 0.0445-0.0991 and 0.82—0.99, respec-
tively. The values of scour depth measured at 8 h (dg; —g1,) and
estimated equilibrium scour depths (extrapolated scour rec-
ords), both normalized by the pile diameter, have also been
incorporated into Table 2.

1 1 1
b (e Yo (1o Yoo
st =M 1+m1m2t 3 1+m3m4t s 1+m5m6t

(6)

Fig. 5 compares the equilibrium scour depth values estimat-
ed in this study with those obtained by the methods of Guo
(2012) and Melville and Coleman (2000). In the scour equation
proposed by Guo (2012), a conservative prediction for the
equilibrium scour depth can be calculated using dg, =
Jdyhxtanh[(Fry®/0,') /3.75], where Fry is densimetric parti-
cle Froude number. To estimate ds,,, the method of Guo (2012)
includes the value of g, in the proposed predictor, while the
method of Melville and Coleman (2000) (Eq. 3) takes into
account the non-uniformity of sediment in terms of u, for the
calculation of Kj. As pictured in Fig. 5, 100% of the data ob-
tained using the predictor of Guo (2012) are contained in the
limits of —20% and +30% error, illustrating a good agreement
between the predictions and measured values. The correspond-

ing predictions obtained using the predictor of Melville and
Coleman (2000) showed maximum 50% overestimations com-
pared to scour depths obtained in the present study (Fig. 5).

An important conclusion is that the predictor of Melville and
Coleman (2000) may overestimate the equilibrium scour depth
more than that of the predictor of Guo (2012). According to the
method of Melville and Coleman (2000), the equilibrium scour
depth is independent of & for #/d, > 1.4. This behavior is not
confirmed by the present study, as can be seen in Table 2 for
the experiments with two different 4/d, (here different Q). For
all experimental tests, &/ d,, exceeds 1.4; but the scour depth has
increased as flow depth increases (Table 2). Furthermore, a
series of experimental results in different uniform and non-
uniform sediment mixtures performed by Guo (2012) showed
that there is no increase in scour depth with an increase of the
flow depth for //d, > 6. That is the reason for better agreement
between dg,. calculated through the predictor of Guo (2012)
and those estimated from the measured values, which involves
the flow and sediment characteristics.

Temporal evolution of the scour depth at piles group
arrangements

The development of scour with time at pile group arrange-
ments is investigated for both uniform and non-uniform sedi-
ments. As it was briefly described before, the distance between
center to center of two adjacent piles, s, varied from 2—4 pile
diameter. As resumed in Table 3, 24 experimental runs were
performed for the pile groups studies under the same flow
conditions and sediment characteristics considered for the sin-
gle pile experiments. The flow field and its interaction with
sediment mixtures for pile groups depend on the values of s/d,,.
Pile group changes the flow structures to a great extent since
the compressed horseshoe vortices in front of each rear pile
interact with wake vortices developed by an upstream pile.
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Fig. 5. Comparison between the equilibrium scour depths obtained in the present study and those calculated using the methods of Guo

(2012) and Melville and Coleman (2000).
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Temporal variations of the maximum scour depth (for the
flow condition Q) are depicted in Fig. 6. The single pile scour
time evolution is also pictured in Fig. 6 for reference. Table 3
also summarizes the recorded scour depth values after 8§ h for
four piles in the alignment (referenced in line with the flow, dg;
to dg). According to the results presented in Fig. 6, the time to
get the maximum scour depth for non-uniform sediment beds
would be shorter than that for uniform sediment beds due to the
armoring effect of the sediment mixtures. From Fig. 6, it is
clear that no significant changes in maximum scour depth were
observed after one or two hours in non-uniform sediment beds,
once the armor layer is formed by sorting the sediment parti-
cles. However, the typical duration needed to reach a quasi-
equilibrium state for uniform sediments is at least five or six
hours for the studied cases (Fig. 6).

In addition to interfering wake-horseshoe vortices, flow
structures are affected by piles’ sheltering effects. The results
indicate that in the cases with uniform sediment beds, Fig.
6 (a and b), the scour depths after 8 h, generally decreases from
the upstream pile toward the downstream one. The less scour
depths, observed for downstream piles, can be explained by the
fact that the flow strength and vorticity of the flow due to the
pile obstacles weaken going downstream (piles’ sheltering
effects). Besides, material removed from around the front pile
reaches the scour hole at the vicinity of the rear piles, resulting
in a reduction in their scour depths. Ataie-Ashtiani and Aslani-
Kordkandi (2013) pointed out that the approaching flow veloci-
ty to the second pile decreases to 0.2—0.3 times the mean ap-
proach flow velocity (#) due to the sheltering effect of the front
pile, weakening the strength of the horseshoe vortex and result-
ing in reducing scour depth at the front of the downstream pile
compared to the upstream pile. However, as seen in Fig.
6 (c and d) this pattern is not often followed in the cases with
non-uniform sediment mixtures.

Unlike the uniform sediment transport which follows equal
mobility of all grain sizes to the flow, the issues related to non-
uniform sediment transport are rather complicated due to the
sorting of a sediment bed. It could mean that the unequal
threshold for the initiation of the motion of the particles in non-
uniform sediments depends on the probability of particles’
exposure to the flow (hiding and exposure effects), the position
of particles in the bed surface, and the availability of fine parti-
cles on the bed surface layer (Mao et al., 2011). Therefore,
some unexpected variations seen in scour depth evolution
through time due to non-uniformity of sediments are inevitable.
This situation seldom occurs in uniform sediments. Hence,
sediment removal and deposition between the piles did not
follow a similar pattern as with uniform sediments. However,
the front pile always received maximum erosion at 8 h due to
its greater exposure to the flow. Hence, the scour records of the
front pile were extrapolated by using Eq. (6) to estimate the
equilibrium scour depth for the corresponding pile group
(dspme)- The values of dg,,., presented in Table 3, are used for
the analysis in the following sections. The range of values of
RMSE and R?are, respectively, 0.0305-0.1244 and 0.92-0.99.

The evaluation of pile spacing factor for different sediment
mixtures

Fig. 7. shows the spacing correction factor, Kgg., as a func-
tion of the normalized pile spacing (s/d,). The spacing factor,
Kgge, is the ratio of the equilibrium scour depth at pile group
(dgpe) to that at a single cylindrical pile (dg,.) with the same
sediment bed and flow condition. Also, the values of
Ks = Asm(=3 h)/a’sr were computed, representing the spacing
factor obtained by maximum values of the scour depth recorded
after 8 h (see Table 3).The values of K, presented in Table 3,

Table 3. Experimental results at piles group arrangements for various piles spacing.

Test Test ID s dg; ds> dg3 dsy dsme K, Ksge
numbers (cm) (cm) (cm) (cm) (cm) (cm)

1 Ci1S:2Q1 8 6.1 52 5 4 6.74 1 1.08
2 Ci1S2Q2 8 7.6 6.4 6.3 5.5 7.95 1.06 1.07
3 C28:Q1 8 3.6 2.7 24 24 3.79 1.16 1.1
4 C28:Q2 8 4.1 3.9 2.8 1.8 4.34 1.11 1.11
5 C38:2Q1 8 4.1 4.1 33 3 4.26 1.08 0.97
6 C38:Q2 8 5.3 4.5 3.4 2.6 5.7 1.2 1.24
7 CsS2Qn 8 3 3 2.7 2.3 3.35 0.86 0.93
8 C1S2Q2 8 4.5 3.9 3 2.8 4.93 1.05 1.09
9 CiS3Qu 12 59 4.5 44 2.8 6.53 0.97 1.05
10 CiS:Q2 12 7.4 5.9 5 4.1 7.88 1.03 1.06
11 C2S5Q1 12 3.1 23 1.2 1.1 3.51 1 1.01
12 C2S3Q2 12 34 32 3 1.9 3.77 0.92 0.96
13 C383Qu 12 33 2.6 2.1 1.4 3.4 0.87 0.78
14 C38:Q2 12 3.8 3.5 3.1 3 3.94 0.86 0.85
15 CaSsQ 12 3.1 1.9 2.7 1.8 3.25 0.89 0.9
16 CiS5Q2 12 3.7 2.8 29 22 3.75 0.86 0.83
17 Ci1S4Qu 16 5.7 3.6 3.9 24 5.85 0.93 0.94
18 C1S4Q2 16 7.4 52 4 34 7.66 1.03 1.03
19 C2SaQn 16 24 2 1.3 1.5 2.46 0.77 0.71
20 C254Q2 16 3.1 2.3 1.7 1.6 3.22 0.84 0.82
21 C3S4Q1 16 3.7 2.8 2.9 2.8 3.78 0.97 0.86
22 C384Q2 16 3.8 33 3.1 3.1 3.84 0.86 0.83
23 CaSaQn 16 3.7 2.1 2.5 2.1 3.73 1.06 1.03
24 C4S4Q2 16 3.8 2.7 2.7 2.9 3.99 0.88 0.88
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reference pile. Note: P1 to P4 are the first to fourth piles in the alignment.
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Fig. 7. Variation of Kg,. as a function of pile spacing to pile diameter (s/d,) for different bed configurations (C1—Cs) and flow rates Qi (a)
and Q2 (b).

show that for those experimental tests performed in a bed with
uniformly graded material, the scour depth increases with de-
creasing s/d, from 4 to 2 because of a progressive effect of
wake-horseshoe vortices interactions caused by neighboring
piles (Fig. 7). This is in accordance with the previous studies
which have shown that the effects of compressed horseshoe
vortices and wake vortex interactions between sequence piles
increase as s/afp decreases (Langa et al., 2013b; Moreno et al.,
2016). According to the present results for uniform sediment
bed case Cz, the equilibrium scour depth at s/d,=3 and
s/d,= 4 are approximately 92% and 65% of that with s/d,=2
in Qi flow condition (Fig. 7 (a)). Similar trends are observed
for the other flow discharge (Qz). The scour at s/d,=3 and
s/d,= 4 are approximately 87% and 74% of that with s/d,=2
(Fig. 7 (b)). Similar findings were also reported by other works,
including Amini et al. (2012), Ataie-Ashtiani and Beheshti
(2006), Lanca et al. (2013b), and Zhou et al. (2020).

A declining trend of dg,,. with the increase of s/d,, for uni-
form sediment beds was not observed in non-uniform sediment
beds (Fig. 7 (a and b)). The corresponding experimental data
show that scour depths have often decreased with increasing the
streamwise spacing between the piles from s/d,=2tos/d,=3
but have slightly increased from s/d, = 3 to s/d, = 4. According
to the complex mechanism of sediment transport in non-uniform
sediment mixtures as stated previously, indistinct trends in Kg,,
and K, observed in the pile groups are ascribable.

In both uniform and non-uniform sediment beds, for
s/d, <3 a single scour hole was observed around the pile group
(Fig. 8 and Fig. 9). Fors/d,=4, the scour holes of each of
individual piles have a tendency to be separated (as seen in Fig.
8 (¢)) and interactions of vortices in piles group are no more
robust. According to the present results, the individual scour
hole around each pile in non-uniform sediment beds was not as
clearly visible as the uniform sediment beds, due to a topo-
graphically variable bed surface (Fig. 9). For example, the
visual observations for Cs bed configuration in Fig. 9 showed
greater topographic variability relative to bed surface texture in
Fig. 8. Also, the composition of the armor layer at the vicinity
of the rear piles tend to be become unstable due to the interac-
tion of wake vortices from the first pile with the rear piles,
resulting in more energy in the wake region at the pile group
(Okhravi et al., 2019).

It is important to highlight the sediment deposition mound
downstream of the pile group was vanished after some hours
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for non-uniform mater mjials. This could be due to the partial
transport of the finer sediment sizes, forming erosion pits in the
bed surface (Okhravi et al., 2019). The deposited medium and
relatively large particles behind the pile were then creeping into
the erosion pits, remaining approximately rough and leading to
a flatter bed surface downstream of the pile compared to uni-
form sediments.

Performance of available scour depth predictors for pile
group

The estimated values of ds,,,., obtained in this study, were
compared with the corresponding values obtained by the meth-
ods of Auckland (Coleman, 2005), HEC-18 (Arneson et al.,
2012), and FDOT (Sheppard and Renna, 2010).

In accordance with HEC-18, Eq. (4), the effective diameter,

dpe, is given by
dpe = Ko Kin diyproj) (N

where K, = coefficient for pile spacing; K, = coefficient for
the number of aligned rows; and dp)
overlapping projected width of the pile. For8=0°andn=1,
the method estimates K, = 1 and d,,. = K, d,,, since dpro5) = d-
The values of K, were calculated using this method for the
three studied pile group configurations, i.e., with different pile
spacing, which accounts for the number of rows of piles in flow
direction (m) and their center-to-center distance between the
sequence piles. The comparison between estimated ds,,. values
and the calculated values by the HEC-18 method is presented in
Fig. 10. By it, it is clear that the results of HEC-18 method are
highly overestimated. The explanation for the large deviations
points to Eq. (4) that is independent of ds,, and the significant
parameter g, is not also accounted in HEC-18 method (Arneson
et al., 2012). Furthermore, the correction factor for sediment
mixtures (K, in Eq. (4)) did not take into account the bed-
armoring effects that occurred in the present study. The reason
for that is the limited particle size distribution considered for
calculating K, in HEC-18 which does not cover a wide range of
sediment mixtures (Molinas, 2001).

The FDOT method considers both K, and K,,,, required to
calculate dj,, equal to unity for the pile group arrangements in
this study. Hence, the factor K,,, used to calculate d,, in the
HEC-18 method are also used in this predictor. The results
of the modified FDOT method (Fig. 10) are also overestimated

= sum of non-
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since the FDOT method neglects the armoring effect caused by
the non-uniformity of the bed material.

The accuracy of the dg,,,. values obtained using the Auckland
method, Eq. (3), was evaluated by the number of results con-
tained between the line of perfect agreement (45-degree line)
and a band defined by +50%, (i.e., considering an overestima-
tion of 50%). In the Auckland method, 66.7% of the predicted
values (16/24) are surrounded by the above-referred bounds, as
shown in Fig. 10. Separately, 9 out of 12 (75%) and 7/12 (58%)
predicted values, respectively, could fit within the mentioned
boundaries for uniform and non-uniform sediment bed cases.
The dg,. values calculated by the Auckland method, Eq. (3),
can be considered the most acceptable predictions for all the
experimental tests in the present study. The agreement between
the present findings and the results from Auckland’s method is
due to considering the effects of o, in the Auckland method
indirectly by replacing the ds, to dsg, (median size of armor
particles) for calculating K4, and also accounting the average
approaching flow velocity at armor peak, u,, for calculating the
factor of Kj. Nevertheless, some major deviations (bigger than
50%) still are observed for the Auckland method that should
surely merit further investigation on future work on predictors
for non-uniform sediment mixtures.

CONCLUSIONS

The focus of this study was about the effects of different
sediment mixtures on the scour depth with finite time (8-hours)
and infinite time (equilibrium scour depth) at a pile group (one
column of four piles) with different pile spacing. In overall, the
important conclusions are derived as:

= The results show that scouring process is significantly
different in a complex mixture of sand and gravel beds
compared to uniform sediment beds. Experiments revealed that
the gradation coefficient is a controlling factor in the local pile
scour. The scour depth decreased with an increase in o, due to
the formation of an armor layer at the upstream side of the pile
and at the scour hole, making the sediment bed more resistant
to erosion. The results briefly emerged that the use of smaller
dsy (higher d,/ds,) had the same effect as decreasing o,,
leading to increase in the scour depth.

= The topographic map at the end of the experiments
displayed the location of maximum scour depth in front and at
the sides of the pile, respectively, for uniform and non-uniform
sediments. In non-uniform sediments, the medium and large
particles settled at the upstream side of the pile deviates flow to
the lateral side of the pile that resulting in more erosion at these
areas.

. The experimental measurements of dg g, for
different flow discharge revealed that the scour depth increases
as flow depth (in this case, also as flow discharge) increases for
all types of granulometrias, which is not consistent with the
criteria reported by Melville and Coleman (2000), which
indicates that the scour depth is independent of % for
h/d, > 1.4. While the predictor of Guo (2012) indicates closer
values to the scour records in the present study by revising the
above-referred ratio. The results also revealed that the effects of
the sediment gradation are not constant through the different
range of flow conditions and dampen with increasing the flow
shallowness.

. The comparison of 8-hours evolution of scour depths
for pile groups in uniform sediment beds illustrated the order of
decreasing values of scour depth from the first pile to the back
pile (dg; > dg, > ds3 > dgs). However, this trend is not often

followed in non-uniform sediment beds. In non-uniform
sediment mixtures, the stochastic exposure of large individual
grains close to the piles reduces the local erosion and the scour
depth as well. Moreover, the sediment movement mechanism is
strongly dependent on the sediment packing density in non-
uniform sediments.

. The effects of pile group arrangements, i.e., a single
column of spaced piles, on dg,, were also assessed through the
pile spacing factors. The analysis and evaluation of the obtained
results (presented in terms of Kg, and Kg,.) showed that the
smaller pile spacing causes a stronger interaction of wake-
horseshoe vortices between the sequence piles leading to an
increase of the maximum scour depth. The effect is more
evident in beds with uniform sediments, while it is difficult to
arrive at any trends with regard to the values of K, and K,
for the studied pile groups in non-uniform sediment mixtures.
According to the experimental observations, the authors argued
that the mechanism of sediment entrainment for non-uniform
sediments is practically stochastic mostly due to hiding-
exposure effects of different particle size fractions.
Nevertheless, future studies could fruitfully scrutinize this
previously unstudied issue further by contributing to the
particle size distribution of the armor coat in the different pile
groups.

. The comparison between the estimated values of dg,
versus predicted values calculated by the current well-known
proposed methods (Auckland, HEC-18, and FDOT) revealed a
tendency to overestimate dg;,. values in most of the situations
and give safe and conservative values, resulting in wasting of
economic resources. Collectively, the present results appear
consistent with the predicted values of dg,,,. by the Auckland
method, since the Auckland method includes the impacts of
sediment  non-uniformity indirectly ~ through  non-
dimensionalized parameters (K and K;). The differences to
scour depths caused by complex mixtures of sediments make
existing scour depth predictive methods inadequate for these
sediment bed configurations. Therefore, future investigations in
complex sediment beds with fine and large particles are
necessary to validate the kinds of conclusions that can be drawn
from this study.
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NOMENCLATURE

B flume width;

C configuration of sediment bed mixtures;
d,, individual pile width or diameter;
d,. equivalent pile width or diameter;

dpprojy sum of the non-overlapping widths of the individual
piles projected on a plane normal to the flow direction;

dsy, median diameter of sediment particles forming the bed;
dsg, median size of armor particles;

d« dimensionless grain size;

ds1,dsy, dg3, dgy maximum scour depth after 8 h for the
sequence piles in the alignment;

ds, maximum scour depth at instant ¢ for a group of piles;
dsme Ppile group equilibrium scour depth;

dg, maximum scour depth at instant ¢ for a single reference
pile;

dg. equilibrium scour depth at a single reference pile;

Fr Froude number;

Fry densimetric particle Froude number;

g gravitational acceleration;

h upstream flow depth (Fig. 1);

K, factor for sediment mixtures;

Ki.q factor for bed form condition;

Ky =d,/dsy sediment coarseness, factor of sediment size;
Ky = h/d, flow shallowness, factor of flow depth-pile size;
Ky =u/u, factor of flow intensity;

K., coefficient for number of aligned rows;

K, pile group factor associated with pile spacing at a given ¢,
K, pile group factor associated with pile spacing at
equilibrium time;

K, pile shape factor;
K, pile group spacing factor;
K, factor of time;
Ky skew-angle factor;
! maximum length of the scour hole;
m number of piles in the alignment (Fig. 1);
n number of pile column in the group (Fig. 1);
mii-1-6) regression coefficients;
Py, P2, P3 and P4 represented upstream to downstream piles in
the alignment;
Q flow discharge (L/s);
S; the situation representing a single pile;
S,,S3,and S, the situations in a pile group when s/d,= 2,
s/dy= 3, and s/d,= 4, respectively;
s pile spacing (Fig. 1);
t time (s);
u average approach flow velocity;
u, average approaching velocity at armor peak;
u, ultimate mean flow velocity for uniform sediment
entrainment;
ux, critical shear velocity for median size of ds;
w maximum width of the scour hole;
6 pile group skew-angle;
¢ generic function;
p density of water;
p, density of sediment;
7+, Shields parameter; and
o, sediment non-uniformity (gradation coefficient).
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