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Abstract

Bridge failure, due to local scour at bridge pier foundations, has become a critical issue in river and bridge engineering,
which might lead to transportation disruption, loss of lives and economic problems. A practical solution to prevent bridge
collapses is the implementation of scour mitigation methods around bridge foundations. Based on an experimental perspec-
tive, this study is focused on the influence of the size and position of circular collars from the sediment bed on scour depth
at two tandem piers. To meet this end, long-lasting experiments are performed under clear-water conditions using uniform
sand for bed materials. Compared to the adjacent position of the collar on the bed, placing the collars below the bed would
increase the delay time of scour at the piers up to four times. However, regardless of the delay time, the observations indicate
that locating the collars on the initial bed surface results in maximum reduction in scour depths around the piers. It was found
that diminishing the flow intensity has a dramatic impact on the scour reduction at the piers, so that maximum reduction in
scour depths at piers increased on average from 20 to 70% with the reduction in the flow intensity from 0.95 to 0.9.
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List of symbols K, Number of aligned rows factor
B Width of the channel K, Factor for the distance between the piers
D Pier diameter R Reduction in scour depth
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of the piers onto a plane normal to the flow R, Reduction in scour depth at the downstream
direction pier
d Depth of scour R, =UD/9 Pier Reynolds number
dg. Equilibrium depth of scour s Center-to-center spacing of the piers
dyext) Extrapolated depth of scour to an infinite U Mean upstream flow velocity
time U. Mean threshold velocity
ds Median sediment grain size u; Shear critical velocity
g Acceleration of gravity T Dimensionless time of scour
h Upstream flow depth t Time of scour
H, Collar height from the sediment bed t, Thickness of the collar
1y Delay time of scour
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o, Geometric standard deviation of the sedi-
ment grain size distribution
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Introduction

Local scour at bridge foundations (piers and abutments) can
be a significant hazard causing instability or collapse of such
vital infrastructures. Pier scour is described as an erosion
that undermines the bridge foundations. The erosive effect
of flowing water forms bridge scour by the excavation and
removal of sediment grains from around the abutments and
piers of the bridges. Prediction of the depth of scour around
bridge foundations is a fundamental part of designing safe
bridges. Scour monitoring at bridges is performed regu-
larly to maintain bridge safety against scour-induce failure
(Ettema et al. 2006). In order to better understand the scour
at the piers, it is of paramount importance to understand the
flow pattern and performance of the large-scale coherent
structures that are formed around the piers. In Fig. 1a, pier
scour is depicted around two tandem piers. The approach
flow velocity accelerates at the upstream of the piers and the
flow is directed toward the sediment bed on the front face
of the piers, which is called downflow. Where the down-
flow reaches the sediment bed, the horseshoe vortices are
formed. Generally, scour begins at the flanks of the pier.
Once the scour area extends as a hole around the pier, the

Fig.1 Schema of the flow field S
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downflow and horseshoe vortices are strengthened, result-
ing in the development of the scour hole around the pier.
By separating the approach flow from the sides of the piers,
vortex shedding is generated in the piers’ wake (Raudkivi
1986; Arneson et al. 2012 (HEC-18); Guo et al. 2012). In
the case of two tandem piers, the existence of the upstream
pier causes a reduction in the amount of the approach flow
velocity toward the downstream pier. Thus, the rate of
scour around the downstream pier is less than that around
the upstream pier. When the scour holes around the piers
overlap, the movement of sediment particles from upstream
is facilitated, leading to increasing the depth of scour at the
upstream pier (Hannah 1978; Langa et al. 2013). The vari-
ables P, and P, indicate the upstream and downstream piers,
respectively.

Scour at bridge piers may occur under clear-water or
live-bed scour conditions. According to Melville (1984) and
Chiew (1984), the scour depth achieves two peaks depend-
ing on flow intensity. The first peak is called clear-water
threshold peak and the second peak is termed as the live-
bed peak. Under clear-water conditions and with uniform
sediments, the scour depth increases approximately linearly
with flow intensity and achieves its maximum value at the
onset of sediment movement (at threshold velocity). The
maximum scour depth is called threshold peak. Once the
mean upstream flow velocity exceeds the threshold veloc-
ity, the scour depth reduces in the relatively small conver-
sion of flow intensity and, then, increases again reaching the
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live-bed peak, leading to the formation of bedforms. Bed-
forms transport into the scour hole periodically, resulting
in the periodic variation of maximum scour depth. In clear-
water scour conditions, no upcoming sediment grain enters
the scour hole (Shen et al. 1966; Ettema 1980; Melville and
Chiew 1999; Sheppard and Miller (2006)).

Several methods have been examined for scour depth esti-
mation at bridge piers by many investigators (Dey 1997a,
b; Oliveto and Hager 2002, 2005; Zounemat-Kermani et al.
2009; Arneson et al. 2012; Sheppard et al. 2013; Pang et al.
2016). Many efforts have been made by researchers to
reduce the dimensions of scour holes around the piers using
several scour countermeasures. The choice of a proper pier
countermeasure for a particular bridge is based on the flow
conditions and features of the nearby channel (Johnson et al.
2002). There are two different types of scour countermeas-
ures. Countermeasures such as bed sill, submerged vane and
collar deflect the approach flow and minimize the power of
the system of vortices around the pier, resulting in the reduc-
tion in scour depth. Other scour countermeasures are placed
on the sediment bed to protect it from erosive and hydrau-
lic forces consisting of riprap stones, cable-tied blocks and
geobags (Tafarojnoruz et al. 2012; Khaple et al. 2017a).

Collars are thin horizontal disks that are attached
around a pier (see Fig. 1). The collars protect the sedi-
ment bed from erosion caused by the downflow and
horseshoe vortices. Thus, they reduce the scour potential
around the pier. The effect of collars on scour depth at
isolated bridge piers has been studied by several investiga-
tors (Kumar et al. 1999; Zarrati et al. 2004; Moncada-M
et al. 2009; Masjedi et al. 2010; Tafarojnoruz et al. 2012;

Zokaei et al. 2013; Khodashenas et al. 2018; Karimaei
Tabarestani and Zarrati, 2019). However, limited research
has reported the influence of collars on scour reduction
around the pier groups. Zarrati et al. (2006) examined the
effect of the collars placed on the sediment bed on scour
depths at two side-by-side and tandem piers. Heidarpour
et al. (2010) studied the influence of collars on scour depth
reduction at two and three tandem piers when the col-
lars were set on the original bed. Figure 1b schematically
illustrates scour holes around two tandem piers equipped
with collars. Parameters d, and d,, refer to scour depth at
the upstream and downstream piers, respectively. Table 1
presents a summary of the essential experimental studies
on the effect of collars on scour at the piers along with the
obtained percentage reduction at scour depth in each study
(the last column).

The effect of collars on scour depth at bridge piers is
assessed based on the width of collar w, and the collar
height from sediment bed H_. According to Table 1, the
collar’s effectiveness in reducing the scour depth around
the pier increases with increasing the width of the collar.
However, a collar that is wider than three times of the pier
diameter is not applicable in practice (Zarrati et al. 2006).
In addition, the optimal height of collars that results in
maximum scour depth reduction around the piers depends
on different factors of experimental condition, pier skew-
ness and pier shape.

Furthermore, in most of the previous studies, the exper-
iments have been performed for short durations of scour
(e.g., 7 h), in which the equilibrium depth of scour has
not been achieved. Given that the scour at bridge piers

Table 1 Experimental studies using collars against scouring at bridge piers (w, width of the collar, D pier width or diameter, H_ collar height

from the sediment bed, /& upstream flow depth)

Authors No. piers Pier shape Collar shape w,/D H./h Maximum reduction in
scour depth (%)
Zarrati et al. (2004) 1 Rectangular  Rectangular rounded 2,3 From 0.4D to —-0.8D* 74 for: w,/D =3
rounded nose (on the sediment bed)
nose
Zarrati et al. (2006) 2 Circular Circular independent 3 0 30 (first pier)
and continues 75 (second pier)
Moncada-M et al. 1 Circular Circular 2,3 0,+3,+6,+9 100 (for: w./D = 3, on
(2009) the sediment bed)
96 (for: w./D =2, on
the sediment bed)
Masjedi et al. (2010) 1 Oblong Oblong 1,15,2,25,3 0,-0.1D, —0.5D, —1D 92 (for: w./D = 3 and
H./D=-0.1)
Heidarpour et al. 2,3 Circular Circular 2,3 0 45 (third pier of three
(2010) tandem piers)
44 (second pier of two
tandem piers)
Tafarojnoruz et al. 1 Circular Circular 3 0 28.7
(2012)
Chen et al. (2018) 1 Circular Hooked 1.25 0, 0.25 42 (on the sediment bed)

#Note The negative values of Hc/h are corresponding to the collar height below the sediment bed
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increases over time until the equilibrium condition is
achieved, it is necessary to assess the effect of collars on
scour reduction at the equilibrium time.

Zarrati et al. (2004) showed that the maximum scour
depth reduction at a rectangular nose pier was obtained
when the collar was placed on the sediment bed. In con-
tract Kumar et al. (1999) found that lowering the collar
below the bed led to less scour at the pier, followed by
increasing the dimensions of the scour hole compared to
the case where the collar was positioned on the bed. Mas-
jedi et al. (2010) indicated that, at an oblong pier situ-
ated in a 180° channel bend, locating the collar under the
sediment bed at the height of 0.1 times of the pier width
caused the maximum scour depth reduction around the
pier. The results obtained by Moreno et al. (2015) revealed
that the maximum reduction in scour depth at a complex
bridge pier occurred when its pile cap was partly placed
below the sediment bed. As the collar installation height
increased above the sediment bed, more flow could pass
under the collar. Therefore, the influence of the collar on
reducing the scour around the pier was diminished (Tan-
aka and Yano 1967; Zarrati et al. 2004; Moncada-M et al.
2009).

Scour around two tandem piers has been investigated
in several experimental and numerical studies (Hannah
1978; Selamoglu et al. 2014; Wang et al. 2016; Khaple
et al. 2017b; Memar et al. 2018; Amini and Asadi Parto
2017; Keshavarzi et al. 2018). Ataie-Ashtiani and Beheshti
(2006) demonstrated that scour depth around two tandem
piers reached its maximum value at the center-to-center
spacing of the piers of s = 3D, where D is the pier diameter.
Numerical simulations were performed by Kim et al. (2014)
to estimate the scour depth at two piers with the different
center-to-center spacing of the piers. The results obtained
from the above-cited studies indicated that the scour depth at
two piers was highly influenced by the center-to-center spac-
ing of the piers. Increasing the center-to-center spacing of
the piers increased the scour depth, reaching the maximum
values at s = 3D — 3.5D.

The experiments in this study were designed twofold. On
the one hand, few studies have addressed the influence of
collars on scour depth reduction at two tandem piers, for
which the effect of collar height from the sediment bed has
not been investigated (see Table 1). Thus, in the present
study, this gap of knowledge was systematically studied
by varying the width and height of collars from the sedi-
ment bed. Consequently, the best height of collars from the
sediment bed, leading to the maximum scour depth reduc-
tion around the two tandem piers, was determined. On the
other hand, in previous studies, the experiments have been
conducted for a limited time (e.g., 7 h) without achiev-
ing the equilibrium scour depth. In this work, most of the
experiments were performed for long durations (2—-10 days),
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reaching the equilibrium scour conditions. The effect of time
on the performance of collars was examined.

Methods and materials
Dimensional analysis

The equilibrium depth of scour, d., at two cylindrical tan-
dem piers protected by circular collars inserted in a wide rec-
tangular channel with a movable bed consisting of uniform
nonripple-forming quartz sand in clear-water conditions and
uniform flow depends on the following: sediment features
(submerged sediment density p/ = (p, — p), sediment grain
density p,, median sediment grain size D5, geometric stand-
ard deviation of the sediment grain size distribution o), fluid
features (density of fluid p, fluid kinematic viscosity 9), flow
(mean upstream flow velocity U, upstream flow depth £),
collar (countermeasure) features (width of collar w,, collar
height from sediment bed H_, thickness of collar ¢.), pier
diameter D, width of channel B, mean threshold velocity
U., which is defined as mean flow velocity for the onset of
sediment movement (threshold condition), and the center-to-
center spacing of piers s. Considering variables D, U and p
as the repeaters and applying the Buckingham theorem lead
to the following dimensionless relationship:

de _ <£”_§Qi£§&ﬂt_c£ ) 1
p-Nu 7 9D DD W DDy %) D
where @ stands for the unknown function.

The effect of dimensionless parameters in Eq. (1) has
been previously examined by researchers. To attain the
equilibrium depth of scour in clear-water conditions, flow
intensity (U/UC) is adjusted near the threshold of sedi-
ment movement to a range of 0.9 < U/U, < 1. The uni-
form nonripple-forming quartz sand is characterized by
Dsy > 0.6 mm, p, =~ 2650 (kg/m?) and o, < 1.4, as rec-
ommended by Dey et al. (1995). Moreover, the effect of
sediment size (coarseness effect), flow depth (shallowness
effect), viscosity and walls of the channel (wall effect) needs
to be eliminated. In order to do so, the following conditions
recommended by different researchers were applied to the
experiments.

The effect of flow depth on local scouring was over-
looked by using the criterion of Melville and Sutherland
(1988), which is defined as 2/D > 2.6. An upstream flow
depth of 7 = 0.165 mm was kept constant for all the experi-
ments. The influence of sediment grain size on scour can
be negligible if D/Ds, ~ 25-130 (Tafarojnoruz et al.
2010). In the case of wide channels, the wall effect on
scour process associated with the existence of the piers in
the channel was ignored considering B/D > 10 (Melville
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Table 2 Conditions applied to the experiments and consequent interpretation

Dimen- Theoretical range Suggested by Effect Calculated Resulted in the following conditions

sionless values in this

parameter study

D/Ds, D/Ds, ~ 25-130 Tafarojnoruz et al. (2010) Coarseness 354 The coarseness does not influence the
scour depth

h/D h/D > 2.6 Melville and Sutherland (1988) Shallowness 2.6 Flow depth is not considered to be
shallow (even though it is at the
lowest margin for being shallow)

B/D B/D > 10 Melville and Chiew (1999) Wall 20.6 The scour depth is not influenced by
the width of the channel

R, R, > 7000 Monti (1994) Viscosity (22,680, 23,814) Flow is fully turbulent

o, o, < 1.4 Dey et al. (1995) Uniform sediment 1.23 Sediment grains can be assumed

uniform

and Chiew 1999). The pier Reynolds number R, = UD/¥
was greater than 7000 to avoid the impact of viscosity
on the scour depth (Monti 1994). Table 2 also shows the
conditions applied to the experiments.

Taking the experimental conditions of the study by
Khaple et al. (2017b) into consideration, the center-to-
center spacing of the piers was selected as three times of
the pier diameter. The authors showed that the maximum
depths of scour at two tandem piers could occur at the
center-to-center spacing of the piers equal to three or two
times of the pier diameter; for both spacings, the scour
depth was approximately identical. The thickness of col-
lar t, was selected 3 mm to avoid influencing the scour
development. Assuming the submerged sediment specific
gravity (p./p) almost invariant for sand and gravel (= 1.65)
(Tafarojnoruz et al. 2012), Eq. (1) becomes:

dSC U WC HC
3 = (P<UC,3,7 )

In this study, the influences of collar height and the
width of the collar on scour depth at two tandem piers
with different flow intensities were examined. Table 3
presents the experimental conditions and dimensionless
parameters.

Table 3 Experimental conditions and dimensionless parameters (Q
discharge, D diameter of the pier, U mean upstream flow velocity,
U/U. flow intensity, U- mean threshold velocity, & upstream flow
depth, B width of the channel, D5, median sediment grain size, H_

Experimental installation

Laboratory experiments were performed in a straight part of
a curved rectangular cross-section channel with 9 m length,
1.3 m width and 0.6 m depth at Laboratory of Hydraulic
Constructions (LCH-EPFL), Lausanne, Switzerland. The
channel included the experiment section (recess box) located
4 m downstream from the inlet of the channel with 0.25 m
depth and 5 m length in the streamwise direction. The sedi-
ment utilized in this study was quartz sand of the median
diameter D5, = 1.78 mm and the geometric standard devia-
tion of the sediment grain size distribution 6, = 1.23. This
sediment is considered nonripple forming and non-cohesive.
The model piers were provided using circular transparent
PVC tubes with the diameter of 0.063 m and located at 7 m
from the channel inlet, where a fully developed flow was
established. The water was delivered to the channel by an
automatically operated pump and the discharge was meas-
ured by an electromagnetic discharge meter. A gate that
was positioned at the end of the channel regulated the water
depth (k). The water and sediment bed levels were measured
with a digital point gauge having the precision of 0.1 mm.
To generate a uniform flow distribution, a metal net and a fil-
ter sponge were placed at the inlet of the channel. Periscopes
were fixed inside the piers to read the time development of

collar height from the sediment bed, w, width of the collar, s center-
to-center spacing of the piers, R, pier Reynolds number, F, Froude
number)

Experiment series Q{/s)y D (m) Um/s)y U/Uc h (m) B(m) Dsy(m) HJh wJ/D  sID R, F,

I (reference) 77, 81 0.063 0.36 0.9,095  0.165 1.3 0.00178 - - 3 22,680  0.283
23,814  0.297

1I 77 0.063 0.36 0.9 0.165 1.3 0.00178  0,-0.1 3 3 22,680  0.283

I 77 0.063 0.378 0.9 0.165 1.3 0.00178  0,-0.1 2 3 23,814  0.297

v 81 0.063 0.378 0.95 0.165 1.3 0.00178 0, -0.1 2 3 23,814  0.297
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scour depth in front of the piers from the ruler papers glued
to the piers. A Go Pro camera was installed on the wall of the
channel under the water to take pictures and record videos of
the scouring process around the piers. A 3D laser Baumer,
OADM 1317480/S35A, mapped the topography of the scour
holes around the piers at the end of the experiments.

The critical shear velocity u} was initially determined
through the method presented by Langa et al. (2015), which
AgDsyt* ~ 0.032 and the critical shear stress is
7. = pu’*. Parameter 7* is the critical value of the shields
parameter that is defined as:
¥ =0.24/d* +0.055[1 — exp(—d*1%/58)|, where d* is

\/8AD3,/9?. The mean threshold velocity U, was estimated
using different relationships suggested by Shamov (1952)
[cited in Dey (2014)], Melville and Sutherland (1988), Shep-
pard et al. (2013) and Lanca et al. (2015). Then, its value
was determined by conducting some experiments without
locating the piers and countermeasures in the channel. The
results were in good agreement with the relationship recom-
mended by Shamov (1952) [cited in Dey (2014)]. In the
present work, most of the experiments were performed for a
long duration (2—-10 days). To stop the experiments, the cri-
terion of Melville and Chiew (1999) was used. According to
Melville and Chiew (1999), when the scour depth discrepan-
cies during 24 h is not more than 5% of the pier diameter,
the equilibrium phase is reached.

isu* =
C

Configurations of experiments

For assessing the optimal height of collars from the sedi-
ment bed results in the minimum scour depth at the piers’
front, the collars were positioned: (1) on the sediment bed
H. = 0 and (2) beneath the sediment bed at H, = —0.1/ (in
which 4 is upstream flow depth), under two different flow
intensities of 0.9 (experiment series II and III) and 0.95
(experiment series IV) (see Table 3). It has to be clarified
that, in the present work, the collars were not placed above
the sediment bed. Given the outcomes presented by Tanaka
and Yano (1967) and Zarrati et al. (2004), as the collars’

Fig.2 Schematic plan of two

installation height above the sediment bed was increased,
the flow could pass more easily under the collar. As a con-
sequence, the protective effect of the collar on scour depth
at the pier was reduced. Two different circular collars (made
from PVC transparent sheets) of width w, = 2D, 3D (where
D is the pier diameter) were employed. The schematic plan
of two tandem piers equipped with the circular collars with
different width is shown in Fig. 2. Figure 3 shows the con-
figurations of two tandem piers without and with the collars.

Results and discussion
Experimental observations

The results are shown in Table 4. Subscripts “u” and “d”
refer to upstream and downstream piers. In the case of the
experiments without collars (experiments A1l and A2), scour
began at the front and sides of the piers, extended toward
both downstream and upstream of them. By installing the
collars around the piers, scour started from the downstream
of the collars, then developed around the collars’ edge and
reached the piers’ front after a time duration. Thus, the col-
lars delayed the start of scour in front of the piers. The time
from the beginning of the experiment to when the scour
started at the piers’ front is referred to as delay time and is
shown by 7, in Table 4. Parameters #,, and #,4 indicate the
delay time of scour at the upstream and downstream piers,
respectively. In experiment C1, the rear of both collars was
initially eroded. The scour began at the downstream pier’s
front after 1.5 h from the beginning of the experiment, while
it reached the upstream pier’s front later at 7, = 2.5 h. How-
ever, in the other cases (experiments C2, D1, D2), the delay
time of scour at the upstream pier was greater than that at the
downstream pier (¢4, > t44) (see Table 4). This is due to the
lower rate of scouring in experiment C1 than the other cases.

In the experiment series II, the broader collars w, = 3D
caused maximum reduction in scour depth of about 100% at the
collar height of H, = 0 and the average of 82% at H, = —0.1h
in front of the piers (at t ® 250 min), where & stands for

tandem piers equipped with col-
lars (w, width of the collar, D
diameter of the pier, s center-to-

center spacing of the piers) Flow
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Fig.3 Configurations of studied experiments: a two tandem piers,
b two tandem piers equipped with collars of widths w, = 2D,
located on the sediment bed (H, = 0) and beneath the sediment bed
(H, = —0.1h), ¢ two tandem piers equipped with collars of widths
w, = 3D, located on the sediment bed (H, =0) and beneath the
sediment bed (H, = —0.14) (s center-to-center spacing of the piers,
D diameter of the pier, H, collar height from the sediment bed, &
upstream flow depth)

upstream flow depth. It was observed that approximately 5 min
after the experiments began, sediments on the collars scoured.
Collars covered the sediment bed around the piers and between
them; therefore, scour occurred at the flank and downstream of
collars with no upstream erosion (see Fig. 4).

Time development of scour depth in front of the two tan-
dem piers (experiments Al and A2) is represented in Fig. 5
on a logarithmic scale. The equilibrium depth of scour at
upstream piers was on average 30% greater than their values
for the downstream piers. The existence of the upstream pier
led to flow velocity reduction toward the downstream pier.
Thus, the power of downflow and horseshoe vortices around
the downstream pier was weakened. In consequence, the
rate of scouring at the upstream pier was higher than that at
the downstream pier. Parameters P, and P, symbolize the
upstream and downstream piers, respectively.

Influence of collar height on scour depth

Dimensionless time development of scour depth at two tan-
dem piers equipped with the collars with width w, = 2D for
different collar height can be compared, as shown in Fig. 6,
with the coordinates of Oliveto and Hager (2002, 2005) and
characterized as follows:

dQ
Z=—, R = (hD*z)l/B 3)
<R
t <R
T=2L, fp=—R
I o1/3(AgDs,) " @
D* = Do * Ky * K, 5)

where Fy = U/ (Agdso) /s densiometric particle Froude
number, D5, is median sediment size, Ag = [( ps—p)/ p] 8. p
is fluid density, p, is sediment grain density, g is acceleration

Table 4 Dimensionless

parameters, experiment duration Series Experiment U/U. we/D He/h t(h) t‘(i}“l) l‘(ii'l) %&1) d(“r‘:l a;sI“IS"p) ‘i‘;‘;sx")
(time of scour) ¢, delay time
fg, scour depth at the front of I (reference) Al? 09 _ _ 625 _ _ 0105 0.081 0.116 0.088
g:;tpk:e;ts tﬁ; ?:(;r:‘g:‘;eedp?:fs“; A2 095 _  _ 120 _  _ 0129 009 0.145 0.106
infinite time d, .., I Bl 09 3 0 250 _  _ 0 0 _ _
B2 09 3 —0.1 240 _ _ 00165 0.0165 _
I c1® 09 2 0 72 25 15 0024 00135 003  0.025
c2 09 2 —0.1 41 11 13 0055 0.0315 0.103 0.043
v DI? 095 2 0 144 2 3 0106 0065 0.122 0.8
D2 095 2 —01 44 9 115 009 0045 0.124 0.084

Subscripts u and d refer to the first and second piers, respectively

#Equilibrium condition
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(b)

Fig.4 The scour around two tandem piers equipped with collars of width w, = 3D located on the sediment bed: a side view and b view from

downstream in the upstream direction (¢ > 200 h, under the water)
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Fig.5 The scour depth development at the front of two tandem piers
at different flow intensities, in logarithmic scale (d,, equilibrium
depth of scour, D diameter of the pier, ¢ time of scour)

of gravity, Z is dimensionless scour depth, T is dimension-
less time of scour, d is the maximum depth of scour, ¢ is
time of scour, o, is geometric standard deviation of the sedi-
ment grain size distribution and 4 is upstream flow depth.
To consider the piers interaction effect on scour depth, the
effective width of an equivalent full depth pier (D*), recom-
mended by FHWA (HEC-18), was replaced with the pier
diameter. Thus, D, is the sum of the non-overlapping
projected widths of the piers, Ky, is center-to-center spac-
ing factor and K,, is the number of aligned rows factor (see
Arneson et al. 2012).

Results indicated that locating the collars beneath the sedi-
ment bed increased delay time 7, compared to the case that
the collars were set on the bed. However, greater scour depth

@ Springer

occurred at the front of the piers (see also Table 4). In the case
of H, = —0.1h, the obtained delay times were on average 4
and 5.5 times larger than the case of H, = 0 at the upstream
and downstream piers, respectively. After time 7, the collars
on the sediment bed can more efficiently slow down the scour-
ing rates than the collars under the bed. This is proved by
the slopes of the scour development curves in Fig. 6. There-
fore, the optimal height of collars from the sediment bed, for
which the maximum reduction of scour depth around the piers
occurred, was H. = 0 (on the original sediment bed).

Effect of time of scour on the collar’s effectiveness

As already mentioned, the dimensions of the scour hole
around a bridge pier are increasing until the equilibrium
scour condition is achieved. Conversely, some authors
claim that the scour process may carry on even if the scour
topography seems to attain an equilibrium state (Oliveto
and Hager 2002, 2005). Given these points, it is essential to
assess the effect of collars on scour depth around the piers
in the equilibrium condition. Additionally, assuming that
the equilibrium phase is attained asymptotically (Chabert
and Engeldinger 1956; Ettema 1980), the measured depth
of scour at the end of the experiments was extrapolated to
the infinite time (f = o0) using the equation recommended
by Lanca et al. (2010). The extrapolated depth of scour is
presented by dy.,p, in Table 4. The values of scour depth
reduction R are calculated using Eq. (6):

dg—d

R(%) = =2 %100 (6)
dsO

where subscript 0 indicates the experiments without collars.

In Table 5, the scour depth reduction values for different
times of the experiments and for the infinite time (for the
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Fig.6 Dimensionless development of the scour depths at the front
of two tandem piers protected by collars for collar heights of H, = 0
and H, = —0.1 h, at different flow intensities, with the coordinates of
Oliveto and Hager (2002, 2005), in logarithmic scale (Z dimension-

237
(U/U,=0.95)
0.2
=Py (He=0)
(te= 6 days)
*Pd (He=0) _.-!'
0.15 -
oPu (He=-0.1h) o
a ©
.3 oPd (Hc=-0.1h) i
= o L] “.
= 0.1 . .
] .o’ i
N ©
o : °
PR
[e)
0.05 DD ’ .
DD ]
o o oom uqcho:gcoo .
. .:.. o ® g X1
0 s s no °
1000 10000 100000 1000000

T

less scour depth, 7' dimensionless time of scour, o, geometric stand-
ard deviation of the sediment grain size distribution, Fy densiometric
particle Froude number, 4 upstream flow depth (also see Fig. 3b)

Table 5 Percent reduction in

Seri E i t H.,/h UJ/U. R, (% Ry (%

scour depth at different times ¢, eres xperimen o/ /U u (%) a (%)
at the front of the first pier R, t=24h t=40h t=o" t=24h t=40h t=o0
and the second pier Ry (H,/h
collar height from sediment I Cl 0 0.9 83.3 82 74.13 86.6 86.5 71.5
bed to the upstream flow depth, C2 -01 09 64.5 52 11.2 63.3 63 51.13
U/U. flow intensity) v D1 0 095 67 34 16 87 88 245

D2 -0.1 095 28.3 15.1 144 40 43 20.1

Infinite time

extrapolated scour depths) are given. Parameters R, and Ry
represent the scour depth reduction in front of the upstream
and downstream piers. The results showed that the effective-
ness of collars was a time-dependent parameter. Comparing
the scour depth reduction at both collar heights revealed
that, when the collars were placed on the bed, the maximum
efficiency for them was obtained.

As can be observed in Fig. 7, when the collars were
installed on the bed (experiments C1 and D1), the effect of
the collar was decreased over time at the upstream pier. At
the downstream pier, the scouring process was influenced
by the upstream sediment transport. The moving sediment
grains from upstream were continuously entering and leav-
ing the scour hole around the downstream pier until the
region between the piers was flattened. The minimum reduc-
tion in scour depth was related to the final state (extrapolated
depth of scour). For H, = —0.1h, the scour depth reduction
was depicted after the delay time #.

Additionally, in experiments C1 and D1, as the flow
intensity enhanced from 0.9 to 0.95, the maximum

reduction in scour depth was decreased from the average
of 70-20% at the piers. The equilibrium time of scour
under the flow intensity of 0.95 (experiment D1) was
nearly two times of its value under the flow intensity of
0.9 (experiment C1). As mentioned before, after the scour
reached the piers’ front, the rate of scour around the piers
under the flow intensity of 0.95 was higher than under the
flow intensity of 0.9, as evident by the slopes of scouring
curves in Fig. 6. According to Melville and Chiew (1999)
under clear-water conditions, scour depth enhances with
flow intensity (which is determined as the relative mean
flow velocity (U) to the mean threshold velocity (U, )).
reaching a maximum amount at the flow intensity equal
to 1. Generally, increasing the flow intensity increases the
erosive effect of the flowing water, as the bed-shear stress
enhances. As the consequence, the scouring rate around
the piers enhances. The process of sediment grains erosion
is consistent with prevailing bed-shear stress, which can
be defined from the measured velocity profile (Houwing
and Van Rijn 1998).
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t (hr) of 20-70% (for the collars placed on the bed).
(b) 3. For the collars set underneath the sediment bed, scour

Fig.7 Reduction in scour depth over time ¢ (experiments Cl and
D1): a at the front of the first pier R, b at the front of the second pier
R, at different flow intensities U/ U,

Given the results explained above, at the piers protected
by collars, the flow intensity makes a significant contribu-
tion to scour phenomena at the pier’s site. The results are in
line with those found by Karimaei Tabarestani and Zarrati
(2019). The authors indicated that the flow intensity was a

@ Springer

reached the piers’ front at the much longer time than the
condition, in which the collars were on the sediment
bed. However, greater scour depth occurred in front of
the piers. To put it another way, the delay time (the time
from starting the experiment to when the scour started
at the front of the piers) was increased for the average of
4 and 5.5 times at the upstream and downstream piers,
correspondingly.

4. The collar’s performance depended on time and
decreased over time.
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Fig.8 Column diagram of

the scour depth reduction for
different time durations of the
experiments at different flow
intensities U /U, (R, reduction
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Fig.9 Eroded sediment bed at
the end of experiments C1 and
D1 at different flow intensities
(for collar width w, = 2D, and
collar height H, = 0)

U/Uc=0.9

Fig. 10 Contour lines of scour 500 10
at tandem piers equipped with 0
collars on the sediment bed 400 10
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