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ABSTRACT
Local scouring is a leading cause of bridge collapses. To protect bridges against local scouring, dif-
ferent countermeasures have been proposed and tested in the literature. In this study, the per-
formance of collars was evaluated for scour reduction at two tandem piers aligned with four skew
angles (h) of 0

�
; 30

�
; 60

�
; 90

�
with respect to flow direction. For this purpose, long duration tests

were conducted with uniform sediments under clear-water conditions with flow intensities close
to the threshold of sediment motion. The results showed that increasing the skew angle increased
the scour depth, while the performance of collars for scour reduction decreased. The maximum
and minimum scour depths occurred at skew angles of h ¼ 60

�
and h ¼ 0

�
; respectively, around

both the piers with and without collars. Analysis of the results indicated that the maximum scour
depth at the upstream pier shifted to the downstream pier from h � 20

�
and h � 28

�
for the tan-

dem piers with and without collars, respectively. In addition, as the skew angle increased, the
equilibrium time of scour increased. Moreover, the performance of collars for scour reduction
around the piers decreased over time.
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Introduction

Flood conditions may cause major devastation to bridge
foundations at river crossings. A hazard assessment of local
scour at bridges for preventing bridge collapses has been
progressively surveyed by many researchers. The main
objective of scour countermeasures is the reduction of a
scour hole around bridge piers. Classifying types of scour
reduction techniques at bridge piers is attributed to the per-
formance of scour protection devices against local scour.
Techniques for scour reduction include flow-altering coun-
termeasures and bed-armoring countermeasures. Flow-alter-
ing countermeasures, such as collars, sacrificial piles, bed
sills, and submerged vanes, diminish the intensity of down-
flow and horseshoe vortices around bridge piers. However,
bed-armoring countermeasures such as riprap stones,
gabion, cabled-tied blocks, and geo-bags are placed at the
base of piers as obstructions against scouring (Zarrati,
Nazariha, and Mashahir 2006; Tafarojnoruz, Gaudio, and
Calomino 2012).

Scour mechanism around bridge piers

The mechanism of scouring at bridge piers is a complicated
process. The key factor for developing a scour hole is the

existence of a complex vortex system produced at bridge
piers. Due to the interaction of the approach flow with the
pier face, a vertical flow forms on the leading face of the
pier, which is distributed to up-flow and downflow jets. The
up-flow moves toward the water surface and produces a
bow wave. The downflow affects the streambed, creating a
scour hole in front of the pier, and rolls up to generate a
horseshoe vortex. The horseshoe vortex develops the scour
hole until the bed shear stress becomes smaller than the crit-
ical bed shear stress. The separation of the approach flow on
the sides of the pier produces the vortex shedding, forming
wake vortices at the rear of the pier. Wake vortices are shed
alternatively and move the sediment grains downstream
through bed load and suspended load. Instantaneously, a
combination of the horseshoe and wake vortices accelerates
the scouring rate and the potential sediment transportation
at the rear of the pier (Guo et al. 2012) (see Figure 1a).

At two tandem piers, sheltering and reinforcement effects
are additional factors influencing scour depth at the piers.
The sheltering effect is caused by the presence of the
upstream pier and reduces the approach velocity toward the
downstream pier. Thus, the strength of downflow and horse-
shoe vortices is reduced, and consequently, the scouring rate
at the downstream pier becomes less than that at the
upstream pier. As the streambed between the piers is
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flattened, the mobility of the upcoming sediment grains
from around the upstream pier may be facilitated, thereby,
increasing the scour depth at the upstream pier (Zarrati,
Nazariha, and Mashahir 2006; Lança et al. 2013).

Local scour at pier groups has been reported by several
researchers in the past (Ataie-Ashtiani and Beheshti 2006;
Arneson et al. 2012 (HEC-18); Lança et al. 2013; Beg and
Beg 2015; Liang et al. 2017; Yilmaz, Yanmaz, and Koken
2017; Amini and Solaimani 2018; Liang, Wang, and Yu
2018). Ataie-Ashtiani and Beheshti (2006) derived a correc-
tion factor for estimating the maximum scour depth at pier
groups. Amini and Mohammad (2017) presented a new
approach to predict the scour depth at complex bridge piers.
Amini and Solaimani (2018) investigated the influence of
uniform and nonuniform pier spacing variations on scour
depth at pier groups. Yilmaz, Yanmaz, and Koken (2017)
developed a semi-empirical model to estimate the temporal
evolution of scour depth at two tandem piers under clear-
water conditions.

Local scouring at two bridge piers has been addressed in
different numerical and experimental studies (Hannah 1978;
Beg 2004; Selamoglu, Yanmaz, and Koken 2014; Kim et al.
2014; Wang et al. 2016; Hamidi and Siadatmousavi 2017;
Khaple et al. 2017; Keshavarzi et al. 2018). Hannah (1978)
observed maximum scour depth at two tandem piers for a
pier spacing with a value s ¼ 2:5D; where D is the pier
diameter. Ataie-Ashtiani and Beheshti (2006) showed that
for two piers in a tandem arrangement, scour depth reaches
its maximum value at a pier spacing of s ¼ 2D: Kim et al.
(2014) performed numerical simulations to examine scour at
two piers for different pier spacing. The results indicated
that maximum scour depth was reached when s ¼ 2:5D:
Wang et al. (2016) found maximum scour depth for s ¼ 3D
by conducting long duration tests. In the study of Khaple
et al. (2017), pier spacing was within the range of 2D � s �
12D for two piers in a tandem arrangement. The results
showed that larger pier spacing led to smaller scour depth
discrepancies at the upstream pier. However, maximum
scour depth occurred at pier spacing of two and three times

the pier diameter, for which scour depth values were very
close. All the above mentioned studies revealed that increas-
ing pier spacing led to increased scour depth. Scour depth
reaches its maximum value at a range of s ¼ 2D � 3D:

The effect of skew angle on scour depth at pier groups
has already been addressed in the literature. However, the
number of these reported studies is small, which include
those of Laursen and Toch (1956), Hannah (1978), Salim
and Jones (1996), Zhao and Sheppard (1999), Sheppard and
Renna (2010), Arneson et al. (2012) (HEC-18), Lança et al.
(2013), Memar et al. (2018). The study of Laursen and Toch
(1956) on scouring at two piers revealed that smaller skew
angles cause smaller scour depths at downstream piers. As
the skew angle increased, the maximum scour depth at the
upstream pier shifted to the downstream pier from
h � 10

� ðwhich h is the skew angle). Hannah (1978) found
the maximum scour depth at two tandem piers for skew
angles close to h ¼ 45

�
: It should be noted that in most past

studies, the tests lasted only a few hours without reaching
the equilibrium phase. Lança et al. (2013) addressed the
effect of test duration, skew angle, pier spacing and number
of columns of the pier group on the equilibrium scour depth
at pier groups.

Application of collar
Regarding scour reduction techniques at single bridge piers,
the use of circular collars has been reported by different
researchers (Ettema 1980; Chiew 1992; Kumar, Raju, and
Vittal 1999; Zarrati, Gholami, and Mashahir 2004; Zarrati,
Nazariha, and Mashahir 2006; Moncada-M et al. 2009;
Masjedi, Bejestan, and Esfandi 2010; Tafarojnoruz, Gaudio,
and Calomino 2012; Zokaei et al. 2013; Karimaei
Tabarestani and Zarrati 2019). For pier groups, Zarrati,
Nazariha, and Mashahir (2006) reported the performance of
collars for scour reduction around two piers in tandem and
side-by-side arrangements. Heidarpour, Afzalimehr, and
Izadinia (2010) studied the effect of collars in reducing scour
depth at two and three tandem piers.

Figure 1. Flow pattern, scour holes and geometric parameters of tandem piers protected by collars for the skew angle of h ¼ 0
�
(a), Collar (b).
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As can be observed from Figure 1b, a collar is a horizon-
tal disk with a negligible thickness, which is installed adja-
cent to the base of piers. The collar distributes the approach
flow into two zones above and underneath the collar. The
collar prevents streambed extraction by downflow and
diminishes its strength. Thus, the strength of the horseshoe
vortex underneath the collar is also reduced. Previous stud-
ies by Zarrati, Nazariha, and Mashahir (2006) and
Tafarojnoruz, Gaudio, and Calomino (2012) showed that
scouring started downstream of the collar, which subse-
quently extended toward the collar upstream part around its
rim and reached the pier front after a certain time. As a
result, the collars postponed scouring in front of the piers.
The performance of the collar depends on its width
wcð Þ and its elevation with respect to the streambed hcð Þ
(see Figure 1a). Kumar, Raju, and Vittal (1999) proposed an
equation to predict the performance of the collar depending
on the collar width and elevation. Wider collars close to the
streambed can be more efficient than smaller ones (Kumar,
Raju, and Vittal 1999). Nevertheless, collars wider than three
times the pier diameter appear to be impractical (Zarrati,
Nazariha, and Mashahir 2006). Placing the collar at higher
elevations above the streambed reduces its performance as
more flow can penetrate below the collar (Tanaka and Yano
1967; Zarrati, Gholami, and Mashahir 2004; Moncada-M
et al. 2009). However, according to Kumar, Raju, and Vittal
(1999), the collar below the streambed may cause maximum
scour reduction at piers. Zarrati, Gholami, and Mashahir
(2004) showed that at rectangular piers aligned with differ-
ent skew angles of 0

�
; 5

�
; and 10

�
; the optimal collar eleva-

tion was on the streambed, where maximum scour
reduction occurred. Additionally, lowering the elevation of
the collar underneath the streambed increases the scour
depth at the pier. Since a part of the sediment above the col-
lar was washed away quickly and was considered as a com-
ponent of scour depth. In addition, the extension of a scour
hole around the pier and at the downstream part of the col-
lar increased. The results obtained by Masjedi, Bejestan, and
Esfandi (2010) revealed that at an oblong pier in a 180�

flume bend, burying the collar below the streambed approxi-
mately 10% of the pier width caused maximum scour reduc-
tion. In another study by Moreno, Maia, and Couto (2016)
on scour depth at complex bridge piers, the authors found
out that minimum scour depth was achieved when the pile
cap of the complex pier was partially buried in the
streambed. Additionally, results drawn from the above stud-
ies clarify that the best elevation of collar resulting in the
maximum scour reduction at piers, greatly depends on test
conditions, pier shape and alignment. It is important to note
that the scouring process at bridge piers continues until the
equilibrium scour condition is attained. Accordingly, it is
essential for the performance of the collar to be determined
in the equilibrium phase.

This study aimed to investigate the performance of col-
lars for scour reduction at two tandem piers aligned with
different skew angles of h ¼ 0

�
; 30

�
; 60

�
; 90

�
: The few previ-

ous studies conducted similar tests for limited times (e.g.,
6 hr) and for the skew angle of h ¼ 0

�
: In the present study,

the tests were carried out for a long time, reaching equilib-
rium scour conditions after an average of 5 to 8 days. In
order to evaluate the performance of collars, the tests were
also conducted without collars. In addition, the effect of
time was studied on the performance of collars in reducing
scour at the piers. Long duration laboratory tests were
designed based on the Buckingham theorem. The results are
presented in terms of diagnostic analysis and mathematical
evaluation for the amount of scour reduction.

Materials and methods

Dimensional analysis

The maximum scour depth ds around two tandem circular
piers with diameter D aligned with skew angle of h with
respect to flow direction, which are preserved with collars at
their base in a rectangular flume and with a mobile bed
under steady and uniform flow and clear-water conditions
over time t; can be described by the following functional
relationship (see also Tafarojnoruz, Gaudio, and Calomino
2012):

ds ¼ f q; #; h;B;U; q0s; d50; rg; D; t; h; wc; hc; tc; s; Uc
� �

(1)

where f ¼ unknown function, q ¼ water density, # ¼ water
kinematic viscosity, h ¼ approach flow depth, B ¼ flume
width, U ¼ mean approach flow velocity, q0s ¼ qs � q ¼
buoyant sediment density, qs ¼ sediment density, d50 ¼
median sediment size, rg ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d84=d16

p
is the geometric

standard deviation of the sediment size distribution, where
d84 and d16 are the sediment grain sizes at which 84% and
16% of material are finer by weight, hc ¼ collar elevation
with respect to the streambed, wc ¼ collar width, tc ¼ collar
thickness, s ¼ pier spacing, and Uc ¼ mean threshold vel-
ocity. If D; U; and q are considered basic variables, by
applying the Buckingham theorem to Eq. (1), the dimen-
sionless terms in it can be represented as follows:

ds
D

¼ u
U
Uc

;D;
UD
#

;
s
D
;
h
D
;
B
D
;
wc

D
;
hc
h
;
tc
D
;
Ut
D

;
D
d50

; rg ; h

� �

(2)

In Eq. (2), u ¼ unknown function, UD=# ¼ Rp ¼ pier
Reynolds number. In Table 1, the test characterizations and
nondimensional parameters are summarized. A series and B
series tests represent the tests without and with collars,
respectively. In order to achieve the equilibrium scour depth

Table 1. Summary of the test characterizations and nondimensional parameters.

Test category Q lit
s

� �
U m=sð Þ U=UC u�c mð Þ D ðmÞ B ðmÞ d50 ðmÞ h ðmÞ rg h=D B=D D=d50 hc=h wc=D h ð�Þ s=D

A� series 81 0.38 0.95 0.032 0.063 1.3 0.00178 0.165 1.41 2.54 10.32 35.4 – – 0,30,60,90 3
B�� series 77, 81 0.38 0.36 0.95- 0.9 0.032 0.063 1.3 0.00178 0.165 1.41 2.54 10.32 35.4 0, –0.1 2 0,30,60,90 3

Note: Laboratory tests for different skew angle � without collars and �� with collar.
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under clear-water conditions, it is essential that the effect of
each dimensionless parameter in Eq. (2), be considered
before running tests:

The flow intensity was adjusted to a range of 0:9 �
U=Uc � 1 to attain the equilibrium condition, and rg < 1:4
ensures uniform sediment (Dey, Bose, and Sastry 1995).
With nonuniform sediment, the flow causes scattering of the
grains and produces an armor layer on the streambed. The
coarseness effect on the scour depth, which is caused by the
sediment grains size, disappears at D=d50 > 25 (Melville
and Sutherland 1988; Melville 1997). In addition,
Tafarojnoruz et al. (2010) suggested a range of D=d50 � 25
to 130, where the influence of the sediment size on scour
depth is avoided. Regarding Ettema (1980) for shallow water
flows, the interference of the surface roller at the pier ahead
and the horseshoe vortex, which turn in opposite directions,
influences scour depth around piers; hence, maximum scour
depth does not occur. Flow depth was set at h=D > 2:6 to
be ineffective in the scour process (Melville and Sutherland
1988). The effect of the flume width (blockage effect) on
scour depth at bridge piers is omitted if B=D � 10 (Chiew
and Melville 1987). Franzetti, Malavasi, and Piccinin (1994)
indicated that if the pier Reynolds number Rp > 7000; the
viscous effect on the scour process can be overlooked.
Relative submerged sediment density D ¼ q0s=q ¼ 1:65 is
constant for gravel and sand (Tafarojnoruz, Gaudio, and
Calomino 2012). In this study, all the above mentioned con-
ditions were applied to the tests (see Table 1). Taking all the
above into consideration, Eq. (2) becomes:

ds
D

¼ u
U
Uc

;
s
D
;
wc

D
;
hc
h
;

tc
D
;
Ut
D

; h

� �
(3)

In the present study, almost similar experimental condi-
tions of the study of Khaple et al. (2017) were considered
for the tests. Khaple et al. (2017) found out that for two tan-
dem piers, maximum scour depth was attained at pier spac-
ing of two and three times the pier diameter, and that scour
depth values of the both pier spacing were almost equal.
Therefore, a pier spacing of s ¼ 3D was herein chosen to
reach the maximum scour depth at the piers. The piers were
equipped with circular PVC transparent collars of width
wc ¼ 2D with a thickness of tc ¼ 0:003 m: The small collar
thickness was chosen to not influence the local scouring
process. In the equilibrium scour condition, dimensionless
time ðUt=DÞ does not affect the scouring; thus, scour hole
dimensions remain constant. Accordingly, Eq. (3) can be
simplified by Eq. (4). Figure 1a shows the geometric param-
eters of tandem piers protected by collars for the skew angle
of h ¼ 0

�
:

dse
D

¼ u
U
Uc

;
hc
h
; h

� �
(4)

where dse is the equilibrium scour depth.
In the following research, the effect of the collars in

reducing the scour depth at two tandem piers aligned with
different skew angles of h ¼ 0

�
; 30

�
; 60

�
; 90

�
is examined.

Experimental procedure

The present study was performed in a straight section (with
dimensions of 9m long and 1.3m width Bð Þ) of a curved
flume with PVC sidewalls 0.6m height in the Laboratory of
Hydraulic Constructions (LCH) at the Ecole Polytechnique
F�ed�erale de Lausanne (EPFL) (Figures 2a and 3). To imple-
ment the tests, the setup involved placing false floors in the
upstream and downstream sections of the straight part of
the flume. The interval between the false floors was filled
with uniform quartz sand with a diameter of d50 ¼
0:00178 m as in the working section, called the recess box
that was located 4m from the flume entrance, with dimen-
sions of 5m long, 1.3m width, and 0.25m high. To sustain
the same roughness throughout the entire flume, the desired
sediments were glued to the false floors. The cylindrical
piers with a diameter of 0.063m were simulated using trans-
parent PVC pipe located 7m from the flume entrance to
ensure a fully developed flow in the test region. Prior to
conducting each test, the streambed was compacted and
carefully leveled by using a small flat wooden plate. The
area surrounding the piers was covered by a thin, transpar-
ent plate to avoid uncontrolled scour depth at the beginning
of the test. Afterwards, a small discharge (4 l/s) was set to
feed the flume without disturbing the streambed. Water
entered the flume inlet basin through a constant discharge
basin. A metal net with an attached filter sponge was
installed in the inlet basin to ensure a uniform flow distribu-
tion. Additionally, an XPS (extruded polystyrene) diffuser
plate was floated on the water surface close to the entrance
of the flume to damp the flow fluctuations. The discharge
was supplied by an automatically operated pump and was
measured with a discharge meter. A flap gate was located at
the downstream end of the flume before the outlet basin,
allowing the flow depth to be regulated (Figures 2b and 3).
The discharge was gradually increased until the desired
mean flow velocity was obtained in the flume. Immediately,
the transparent plate was removed, and the test started. A
digital point gauge with an accuracy of 0.1mm was utilized
to measure the flow depth. A constant approach flow depth
equal to 0.165m was adjusted in all tests. Time evolution of
the scour depth was recorded by ruler paper attached to the
transparent piers by means of a periscope located inside the
model piers. After the tests were stopped, once almost all
the water was drained slowly from the flume in some of the
tests, the topography of the eroded streambed was digitized
by a three-dimensional (3D) laser Baumer, OADM 13I7480/
S35A (Figure 2c). Instruments were installed on the moving
carriage, positioned at the upper part of the flume as shown
in the plan view of the experimental setup in Figures 2d and
3. As already mentioned in the previous section, the experi-
ments had to be designed such that the impact of sediment
size, blockage, viscous and flow shallowness on the evolution
of scour depth could be neglected. All tests were conducted
near the threshold of sediment motion. The values of mean
threshold velocity ðUcÞ and shear critical velocity u�cð Þ were
initially estimated through the Shields diagram and empir-
ical equations introduced by Melville and Sutherland (1988),
Sheppard, Melville, and Demir (2014) and Shamov (1952)
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(which is mentioned in the study of Dey (2014)).
Afterwards, some tests were performed in the absence of the
piers, and the mean threshold velocity was specified. The
results were in good agreement with the equation of
Shamov (1952) (which is mentioned in the study of Dey
(2014)) (Eq. 5).

Ucffiffiffiffiffiffiffiffiffiffi
g:d50

p ¼ 1:47
h
d50

� � 1
6ð Þ

(5)

where g is the gravitational acceleration.

Duration of the tests
To achieve the equilibrium scour condition, sufficient test
time is required for the scouring rate to become negligible.
Benchmarks have been appointed for ending the test by dif-
ferent researchers. According to Franzetti, Malavasi, and
Piccinin (1994), equilibrium conditions at bridge piers occur
when ðUt=D > 2�106Þ; where Ut=D is dimensionless time
and D is the pier diameter. Melville and Chiew (1999) intro-
duced the equilibrium time of scour as a condition in which
the scouring rate variations were less than 5% of the pier

Figure 3. Plan view of the experimental setup.

Figure 2. Front view of the flume (a), downstream flap gate (b), 3D laser Baumer, OADM 13I7480/S35A (c), moving carriage (d).
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diameter during 24 hr Dds � 0:05Dð Þ: A more cautious cri-
terion is suggested by Grimaldi (2005), which is described as
Dds � 0:05D=3: The predictors of time were recommended
to approximate the finite equilibrium time of scour at bridge
piers by Melville and Chiew (1999) and Kothyari, Hager,
and Oliveto (2007). Nevertheless, Oliveto and Hager (2002,
2005) highlighted that the scouring process may continue
even after scour geometry seems to reach the equilibrium
state. Lança, Fael, and Cardoso (2010) suggested calculating
the equilibrium scour depth at infinite time ðt ¼ 1Þ by
adjusting the polynomial function to the recorded time evo-
lution of the scour depth.

In this study, all tests were performed for a long time,
achieving equilibrium scour conditions. The equilibrium
time of the scour, te; was estimated by using the predictor
of Melville and Chiew (1999), taking into consideration the
effective width of an equivalent full depth pier (D*) pro-
vided by the Federal Highway Administration, HEC-18
(Arneson et al. 2012), to account for the pier’s interaction
effect, as follows:

te daysð Þ ¼ 48:26
D�

U
U
UC

� 0:4

� �
for

h
D� > 6 (6)

te daysð Þ ¼ 30:89
D�

U
U
UC

� 0:4

� �
h
D�

� �0:25

for
h
D� � 6

(7)

D� ¼ Dproj � Ksp � Km (8)

where Dproj is the sum of the nonoverlapping projected
widths of piers, Ksp is the pier spacing coefficient and Km is
the number of aligned rows coefficient. The tests were
stopped per the criterion of Melville and Chiew (1999).
However, by substituting the D* with D in Eq. (7), it was
found that the calculated equilibrium time was in better
agreement with the scour depth recorded at the end of the
test. Thus, by using D* instead of D in Eq. (7), the results
are closer to the equilibrium scour depth measured at the
end of the tests, dse: According to Chabert and Engeldinger
(1956) and Ettema (1980), it can be assumed that the equi-
librium scour condition is achieved asymptotically. Thus,
the measured equilibrium scour depth at the end of the test,
dse; can then be extrapolated to the infinite time ðt ¼ 1Þ by
adjusting a six-parameter polynomial function suggested by
Lança, Fael, and Cardoso (2010) to the time evolution of the
scour depth. Additionally, the extrapolated scour depth to

infinite time dsðextÞ (final state), which is correlated to each
individual pier, is specified (Table 2).

ds ¼ P1 1� 1
1þ P1P2t

� �
þ P3 1� 1

1þ P3P4t

� �

þ P5 1� 1
1þ P5P6t

� � (9)

where ds is the maximum scour depth at a time t; the
parameters P were obtained via regression analysis. At the
infinite time ðt ¼ 1Þ the value of the scour depth
is ds ¼ P1 þ P3 þ P5:

Results and discussion

The performance of collars was investigated for scour reduc-
tion at two tandem piers aligned with different skew angles
of ¼ 0

�
; 30

�
; 60

�
; 90

�
. For this purpose, two series of long-

lasting tests were conducted: without collars (series A) and
with collars (series B). Figure 4 schematically depicts the
alignment of the tandem piers with the four different skew
angles for both A series without collars and B series with
collars (see Table 2) in the laboratory tests.

The performance of collars for the skew angle of h50
�

In order to achieve the maximum scour reduction at the
piers, the proper collar elevation with respect to the
streambed ðhcÞ needs to be considered. To do this, the col-
lars were placed on the streambed, hc ¼ 0; and below the
streambed at hc ¼ � 0:1h; where h is the approach flow
depth. The tests were performed with flow intensities
of U=Uc ¼ 0:9; 0:95:

It should be clarified that the initial collars had a width
wc ¼ 3D; where D is the pier diameter, and were tested at a
flow intensity of 0.9. It was observed that no scour occurred
in front of the piers after almost 10 days. The scouring
started at the rear of the downstream collar and then
extended upstream around the rims of the collars but did
not reach the piers front. Therefore, in an attempt to carry
out better observations of the scouring evolution around the
piers, smaller collars with a width wc ¼ 2D were chosen to
evaluate the performance of collars at different skew angles.

Figure 5 shows a comparison of the evolution of scour
depth in front of the upstream pier for different collar eleva-
tions. The results indicated that the best location for collars
was on the streambed, where the maximum scour reduction

Table 2. Equilibrium scour depth, dse; equilibrium time of the scour te; extrapolated values of the scour depth at an infinite time dsðextÞ; scour reduction R; for
two tandem piers aligned with different skew angles h; with and without collars of width wc ¼ 2D:

Test collar h �ð Þ U=Uc dse1 ðmÞ dse2 mð Þ te hrð Þ ds extð Þ1 mð Þ ds extð Þ2 mð Þ R1 ð%Þ R2 ð%Þ Dds1 (%) Dds2 (%)

A1 without 0 0.95 0.129 0.096 120 0.145 0.106 _ _ 12.403 10.417
B1 with 0 0.95 0.106 0.065 144 0.1247 0.081 17.83 32.29 17.642 24.615
A2 without 30 0.95 0.136 0.139 130 0.149 0.163 _ _ 9.559 17.266
B2 with 30 0.95 0.113 0.134 168 0.1251 0.1671 16.3 2.9 10.708 24.701
A3 without 60 0.95 0.143 0.157 144 0.156 0.183 _ _ 9.091 16.561
B3 �with 60 0.95 0.131 0.155 192 0.147 0.206 8.39 1.91 12.214 32.903
A4 without 90 0.95 0.142 0.141 120 0.154 0.153 _ _ 8.451 8.511
B4 with 90 0.95 0.123 0.121 168 0.142 0.138 13.38 14.18 15.447 14.050

Note: 1 and 2 are related to the upstream and downstream piers respectively.

6 S. MEMAR ET AL.



was reached. When hc ¼ � 0:1h; sediments on the collars
were scoured nearly 5min after the test began. The results
revealed that, by shifting the collars under the bed, a larger
scour depth occurred although the scouring reached the pier
front later than the situation when the collars were placed
on the bed. The portion of the sediments on the collars was
accounted for as part of the scour depth. Additionally, the
extension of the scour hole around the piers increased.
Therefore, the rest of the tests were performed with the col-
lars being located on the streambed. Furthermore, the flow
intensity had a significant influence on the scour depth at
the piers. Indeed, increasing the flow intensity from 0.9 to
0.95 increased the scour depth in front of the piers by about
4.6 times and the equilibrium time of the scour teð Þ was
almost doubled. Karimaei Tabarestani and Zarrati (2019)
also declared that the flow intensity was a major parameter
influencing the performance of collars for scour reduction
at piers.

It is noteworthy that the previous studies by Tanaka and
Yano (1967) and Zarrati, Gholami, and Mashahir (2004)

showed that by increasing the collar elevation above the
streambed, more flow could penetrate below the collar;
therefore, the performance of the collar diminished. Given
this result, the performance of collars for scour reduction
when placed above the streambed is not investigated in
this study.

As can be observed from Figure 6, for the skew angle of
h ¼ 0

�
and hc ¼ 0; U=Uc ¼ 0:95 at the beginning of the

test, scouring initiates downstream from the rims of the col-
lars (region a). A possible interpretation is that the inter-
action of approach flow with the piers creates boundary
layer flows along the upstream pier perimeter. Separation of
the boundary layer flows from the sides of the piers causes
the maximum pressure gradient and the corresponding max-
imum bed shear stress, taking in to account the study of
Guo et al. (2012). Sediments were swept up owing to the
action of wake vortices at the rear of the collars (region b);
subsequently, two holes were developed after almost 20min
(region b). The holes enlarged and expanded upstream
(region c). The scour reached the upstream pier front after
120min. For the downstream pier, scouring reached the pier
front later at 180min. Due to the sheltering effect from the
upstream pier, the approach velocity toward the downstream
pier is reduced and thus the scouring rate decreases.
Additionally, at the rear of its collar, the holes became wider
and deeper, developing downstream of the flume and form-
ing sediment deposition in the lower part of the wake vorti-
ces, where the large vortices broke into small eddies by
viscosity (downstream section of the region b of the down-
stream pier) (see also Guo et al. 2012). The equilibrium

Figure 4. Test configurations for different skew angles: (a) h ¼ 0
�
; (b) h ¼ 30

�
; (c) h ¼ 60

�
; (d) h ¼ 90

�
:

Figure 5. Evolution of the scour depth around the upstream pier, ds; at collar
elevations of hc ¼ 0 and hc ¼ � 0:1h; for h ¼ 0

�
with different flow intensities

U=Ucð Þ; on a logarithmic scale (h is the approach flow depth).

Figure 6. Tandem piers protected by collars aligned with the skew angle
of h ¼ 0

�
:
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scour around tandem piers protected by collars for h ¼ 0
�
is

illustrated with contour lines in Figure 7.
In order to evaluate the performance of the collars for

scour reduction in front of the piers, the dimensionless evo-
lution of scour depths with and without the collars
wc ¼ 2D; hc ¼ 0ð Þ for different skew angles were compared,
as in Figure 8, by using the dimensionless time term sug-
gested by Yilmaz, Yanmaz, and Koken (2017) and by

substituting the pier diameter ðDÞ by D� as follows (see also
Table 2):

Ts ¼ td50 Dgd50ð Þ0:5
D�2 (10)

S ¼ ds
D� (11)

where S ¼ dimensionless scour depth, ds ¼ scour depth,
Ts ¼ dimensionless time, t ¼ time, D ¼ q0s=q; q ¼ water
density, q0s ¼ qs � q ¼ buoyant sediment density, qs ¼
sediment density, d50 ¼ median sediment size and D� ¼ the
effective width of an equivalent full depth pier suggested by
the Federal Highway Administration (FHWA) (HEC-18)
(Arneson et al. 2012). The parameters Pu and Pd represent
the upstream and downstream piers, respectively.

For all the skew angles, the collars postponed the scour-
ing evolution in front of the piers and decreased the scour-
ing rate compared to that for the tests without the collars.
This conclusion was also reported by Zarrati, Nazariha, and
Mashahir (2006), Heidarpour, Afzalimehr, and Izadinia

Figure 8. Dimensionless evolution of the scour depth in front of two tandem piers aligned with different skew angles with and without collars by using dimension-
less time term of Yilmaz, Yanmaz, and Koken (2017), on a logarithmic scale.

Figure 7. Contour lines of the equilibrium scour depth around tandem piers
protected by collars for h ¼ 0

�
:
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(2010), Tafarojnoruz, Gaudio, and Calomino (2012) and
Karimaei Tabarestani and Zarrati (2019).

The performance of collars for the skew angles
of h 5 30

�
; 60

�
; 90

�

For the skew angle of h ¼ 30
�
and hc ¼ 0 (test B2, Table 2),

scouring initiated at an interval between piers; thus, a hole
was produced and expanded toward the piers and down-
stream section. Instantaneously, the downstream rims of col-
lars were scoured, and two small holes were generated at the
rear of the collars and extended upstream. The scouring rate
at the downstream pier was higher than that at the upstream
pier. Scour reached the pier front after 210min and 5min of
the upstream and downstream piers, respectively. By

increasing the skew angle, the downstream pier is exposed
to the approach flow entirely. Likewise, the sheltering effect
from the upstream pier is reduced, and the interference of
vortices enhances the scouring rate around the downstream
pier. The equilibrium scour depth at the upstream pier is
approximately 86% of the scour depth around the down-
stream pier (Figure 8, h ¼ 30

�
). Figure 9 shows the eroded

streambed at different times and at the equilibrium state
t ¼ teð Þ for the skew angle of h ¼ 30

�
:

The evolution of the scour depth for the skew angle of
h ¼ 60

�
(test B3) was similar to that for h ¼ 30

�
: Scour

achieved the upstream and downstream piers face after
100min and 5min, respectively. The equilibrium scour
depth at the upstream pier is approximately 86% of that at
the downstream pier (Figure 8). For h ¼ 90

�
(test B4), similar

to the other cases, scouring originated at the downstream
rims of the collars, and two scour holes were generated,
expanding to their upstream and downstream sections.
Scour reached the pier fronts after 30min. The scouring rate
increased significantly as soon as all the sediments were
washed away around the piers after almost 340min (Ts >
380) (Figure 8). The scour depth at the both piers is
almost identical.

The value of scour depth reduction ðRÞ in front of the
piers is given in Table 2 and is calculated using Eq. (12).

Figure 9. Eroded streambed at tandem piers aligned with the skew angle of h ¼ 30
�
for different times and at the equilibrium time t ¼ teð Þ:

Figure 10. Effect of the skew angle on equilibrium scour depth dse at tandem
piers with and without collars.

Table 3. The values of dimensionless scour depth ds=Dð Þ for different skew
angles and Percentages of discrepancy Ddsð Þ between the results of the pre-
sent study and the study of Hannah (1978).

Upstream pier Downstream pier

h �ð Þ 0 30 60 90 0 30 60 90

Present study 2.05 2.15 2.27 2.25 1.52 2.21 2.49 2.24
Hannah (1978) 2.06 2.09 2.092 2.03 1.77 2.06 2.2 2.07
Ddsð Þ 0.48 2.79 7.84 9.77 16.44 6.78 11.64 7.59
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R %ð Þ ¼ dse0 � dse
dse0

� 100 (12)

where the subscript 0 represents the test without the collar.
Increasing the skew angle decreased the performance of the
collars at the both piers. The minimum and maximum scour
depth reduction in the equilibrium state was obtained for
the skew angles of h ¼ 60

�
and h ¼ 0

�
; respectively (see

Table 2). The parameters dse1 and dse2 represented the equi-
librium scour depth in front of the upstream and down-
stream piers, respectively. The results were then extrapolated
to an infinite time ðt ¼ 1Þ by utilizing the Eq. 9. The
extrapolated scour depths in front of the piers were shown
by dsðextÞ: In addition, in Table 2, the quantities of percent
deviation Ddsð Þ of the equilibrium scour depth (recorded at
the end of the tests), dse; with the extrapolated ones, dsðextÞ;
revealed that in most of our tests, almost 90% of the
extrapolated scour depth occurred. Thus, the results were
close to scour depths at infinite time.

Figure 10 highlights the influence of the skew angle on
the local scour depth at the tandem piers with and without
the collars. The vertical axis represents the dimensionless
equilibrium scour depth dse=Dð Þ; in which D is the pier
diameter. With increasing the skew angle, the variations of
the scour depths were low for the upstream pier whereas
they were significant for the downstream pier. The max-
imum and minimum equilibrium scour depths in front of
both the piers with and without the collars were obtained
for the skew angles of h ¼ 60

�
and h ¼ 0

�
; respectively. The

analysis of the results shows that the maximum equilibrium
scour depth from the upstream pier is shifted to the down-
stream pier from h � 20

�
h � 28

�
for tests with and without

collars, respectively. A comparison between the results
obtained from the present study (for the tests without the
collars) and those obtained by Hannah (1978) is shown in
Table 3. Increasing the skew angle increased the scour depth
in both the studies. The difference between the scour depths
of the two studies may be associated with the short duration
of the tests (7 hr) in the study conducted by Hannah (1978).
Differences of pier spacing can be another reason, since pier
spacing was five times the pier diameter in the Hannah
study (1978).

Effect of time on collar performance
As stated earlier, local scouring at bridge piers is continuous
until the equilibrium scour phase is obtained. Accordingly,
the actual collar performance needs to be presented in the
equilibrium time. From Table 2, it becomes clear that the
equilibrium time of the scour ðteÞ increased systematically
with h and reached its maximum value at h ¼ 60

�
; and then

decreased for h ¼ 90
�
: It was observed that the tests with

the collars needed a longer time to reach the equilibrium
state in comparison with the tests without the collars
(almost 24 hr for h ¼ 0

�
; 38 hr for h ¼ 30

�
; 48 hr for

h ¼ 60
�
and 72 hr for h ¼ 90

�
).

Table 4 summarizes the scour reduction values, R1 and
R2; at the upstream and downstream piers, respectively,
obtained at t ¼ 5; 21; 40; 72hr and t ¼ te: The results
revealed that the performance of the collars was reduced
over the time t; since as the scour hole around the piers and
collars developed, the scouring rate increased. The scour
reduction Rð Þ reached greater values during the first hours
of the tests (see t¼ 5 hr) and reached its minimum value in
the equilibrium time, for all the skew angles. The perform-
ance of the collars was insignificant for h ¼ 60

�
: These out-

comes are in agreement with those found in the previous
studies. In the study of Moncada-M et al. (2009), the collar
performance obtained was 100%, since the tests were con-
ducted for short durations (6 hr). While, Tafarojnoruz,
Gaudio, and Calomino (2012) observed 28% scour reduction
at a single pier protected by the collar in the equilibrium
time. The scour reduction values for the different skew
angles are illustrated in Figure 11.

Conclusions

In this study, the performance of the collars was assessed for
scour reduction in front of the two tandem piers aligned
with the skew angles of h ¼ 0

�
; 30

�
; 60

�
; 90

�
: The results

revealed that the equilibrium scour depth in front of the
piers with and without the collars increased systematically
with increasing the skew angle ðhÞ and reached the max-
imum value at h ¼ 60

�
; and then decreased. Consequently,

Table 4. The values of percent scour reduction R at different times.

R1 ð%Þ R2 ð%Þ
h �ð Þ t ¼ 5ðhrÞ t ¼ 21ðhrÞ t ¼ 40ðhrÞ t ¼ 72ðhrÞ t ¼ te t ¼ 5ðhrÞ t ¼ 21ðhrÞ t ¼ 40ðhrÞ t ¼ 72ðhrÞ t ¼ te
0 82.35 68.63 39.82 23.58 17.83 91.23 86.67 89.15 41.30 32.29
30 94.62 30.00 29.26 23.66 16.30 26.19 14.53 15.25 10.77 2.90
60 86.96 31.40 24.22 18.25 8.39 33.00 12.50 10.61 8.97 1.91
90 76.84 41.70 29.69 23.53 13.38 78.95 42.60 29.92 23.70 14.18

Figure 11. Scour reduction values for different skew angles.
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increasing the skew angle decreased the performance of the
collars. The maximum and minimum equilibrium scour
depths in front of the two tandem piers without and with
the collars were obtained for the skew angles of h ¼ 60

�
and

h ¼ 0
�

for the both piers, respectively. In addition, by
increasing the skew angle, the equilibrium time of the scour
te increased. Moreover, the performance of the collars for
scour reduction decreased over the time t until the equilib-
rium scour phase was obtained.

For the two tandem piers protected by the collars, by
placing the collars under the streambed, the scour reached
the piers front later than the situation when the collars were
on the streambed; however, the scour depth increased and
the scour hole extension was greater. According to the ana-
lysis of the results, the maximum scour depth from the
upstream pier shifted to the downstream pier for h � 20

�

and h � 28
�
for two tandem piers aligned with different

skew angles with and without the collars, respectively.

Notations

The following symbols are used in this paper:
B flume width
D pier diameter
D� effective width of an equivalent full depth pier
Dproj sum of the nonoverlapping pier widths projected on a

plane normal to the approach flow direction
ds maximum scour depth
dse equilibrium scour depth
dsðextÞ extrapolated scour depth to the infinite time
d50 median sediment size
f unknown function
g gravitational acceleration
h approach flow depth
hc collar elevation with respect to the streambed
Km number of aligned rows coefficient
Ksp pier spacing coefficient
R scour depth reduction
Rp ¼ UD=# pier Reynolds number
S dimensionless scour depth
s pier spacing
tc collar thickness
U mean approach flow velocity
Uc mean threshold velocity
u�c shear critical velocity
Ts dimensionless time
t time
te equilibrium time of scour
D ¼ q0s=q relative submerged sediment density
h skew angle with respect to flow direction
# water kinematic viscosity
q water density
qs sediment density
q0s buoyant sediment density
rg geometric standard deviation of sediment size

distribution; and
u unknown function.
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