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INTRODUCTION
The occurrence of local scouring is one 
of the main reasons for the instability and 
failure of bridges. Lefter (1993), and Lagasse 
and Richardson (2001) postulated that the 
main cause of the failure of bridges in the 
United States of America was a local scour-
ing phenomenon. Chiew and Lim (2003), 
and Chiew (2004) reported several break-
downs of bridges in the south of Taiwan. 
Dey and Barbhuiya (2004) also observed the 
failure of bridges in New Zealand due to a 
local scouring phenomenon. In this regard 
Ghorbani and Kells (2008) stated that the 
lack of pier protection measures against 
local scouring would disrupt the transporta-
tion system, in addition to the failure of 
bridges, and financial and human costs.

Different countermeasures have been 
proposed and tested in the literature to 
reduce the local scour hole dimensions at 
bridge piers. These can generally be cat-
egorised into three distinct groups, namely 
armouring, flow altering and structural 
countermeasures. The first method is to 
increase the resistance of the bed to the 
shear stress. This is done by replacing the 
materials around the pier with a protective 
layer of materials such as riprap, gabion, 
blocked cables or prefabricated concrete 
moulds. The objective of the second method 

is to reduce the power of the eroding causes, 
i.e. the downflow and the horseshoe vortex, 
which are mainly responsible for producing 
scouring around the pier. The flow-altering 
countermeasures involve one of the follow-
ing three methods: (1) connecting some 
form of assemblies in the upstream of the 
pier (e.g. sacrificial piles), (2) altering the 
shape of the pier, and (3) providing the scour 
reduction devices on the pier (e.g. collars, 
plates or slots). The third method involves 
the modification of the bridge structure 
(foundation). Typically, the substructure 
is modified to increase the bridge stability 
after scour has occurred or when there is a 
scour-critical bridge. These modifications 
are generally classified as either foundation 
strengthening or pier geometry modifica-
tions (Lagasse et al 2009).

Bed sills are usually employed for river 
training purposes, e.g. in high-gradient 
streams, to prevent excessive bed deg-
radation. They can also be arranged in 
sequence, producing a stair-like configura-
tion of artificial steps, to reduce the veloc-
ity and erosive capacity of the watercourse 
(Gaudio et al 2000; Lenzi et al 2003; 
Martín-Vide & Andreatta 2009). Bed sills 
could affect the general channel morphol-
ogy; however, they have also been shown to 
be able to act as countermeasures against 
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This study investigated the effectiveness of bed sills in reducing the scour depth with time 
at rectangular piers in a laboratory. Experiments were conducted just below the threshold of 
sediment motion (U/Uc = 0.95) for round-nosed piers with the length-to-width ratios of L/b = 1, 
2, 3 and 4. Accordingly, a 1 cm thick PVC section as wide as the channel was used as the bed 
sill, which was flush with the bed and located at various distances, D, in the downstream of 
the piers, i.e. D/b = 0, 1, 2 and 3. It was found that the efficiency of the bed sill for a rectangular 
pier was significantly less than that for the circular one; there was a decrease in efficiency and 
scour depth with an increase of the pier length. The maximum efficiency obtained for the 
round-nosed piers with L/b = 1, 2, 3 and 4 was 32.5%, 21.3%, 14.4% and 5.7%, respectively. The 
application of a bed sill to reduce the local scour in round-nosed rectangular piers, when the 
length-to-width ratio exceeds 2, is therefore not recommended. Furthermore, the efficiency of 
the bed sill is the best when it is attached to the downstream end of the pier; its efficiency is 
decreased when increasing its distance from the pier.
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bridge pier scour (Chiew & Lim 2003; 
Gaudio et al 2012; Grimaldi et al 2009a & 
2009b; Pagliara et al 2010; Razi et al 2011; 
Tafarojnoruz et al 2012a & 2012b).

Grimaldi et al (2009a) showed that 
the scour depth reduction could reach 
to approximately 26% in the best tested 
configuration (bed sill adjacent to the pier). 
Grimaldi et al (2009b) also proposed a 
combined countermeasure consisting of a 
slot and a bed sill placed downstream of the 
pier and adjacent to it. In the best configura-
tion, the scour reduction in the upstream 
front of the pier was approximately 45%, on 
average (with approximately 80% and 90% 
for the scour area and volume, respectively). 
Further, Pagliara et al (2010) analysed the 
efficiency of sills and gabions as counter-
measures against local scour in the presence 
of a simplified debris geometry. They found 
that, although a delay occurred in the 
scour development, the countermeasure 
efficiency was insufficient for the large scour 
development in the presence of large debris 
accumulation, while gabions were able to 
further delay the scour process, mainly due 
to the larger surface roughness, as compared 
with the smooth sills. Tafarojnoruz et al 
(2012a) also showed that a single bed sill 
downstream of a pier had the maximum 
efficiency, which was less than 20%, with 
D/b = 0 (D was the distance between the 
downstream end of the pier and bed sill, 
and b was the diameter or the width of the 
pier, as shown in Figure 2). Tafarojnoruz et 
al (2012b) used a combination of the bed sill 
and collar for a circular pier under steady 
flow conditions, as well as for a rectangular 
pier with a round nose and tail, two circular 
in-line piers and two rectangular in-line 
piers. The results showed that the combined 
countermeasure had the efficiency of almost 
63% for a single circular pier; however, 
higher efficiency (approximately 75%) was 
obtained in applications related to the 
rectangular pier and two in-line circular 
or rectangular piers. Further, Gaudio et al 
(2012) studied the combined flow-altering 
countermeasures against the bridge pier 
scour: (1) submerged vanes and a bed sill, 
and (2) a bed sill and a collar. The results 
showed that combination (1) did not reduce 
the scour depth significantly, with respect to 
the single countermeasure and combination; 
for combination (2), in the best configura-
tion, the scour depth was significantly 
reduced around the collar with respect to 
the maximum scour depth of the unpro-
tected pier, as well as prevented the scour 
hole from reaching the pier body.

Bridge piers are mainly circles, squares, 
rectangles, rectangular corners and round-
nosed rectangular shapes. Investigations on 
the effect of the bed sill on the reduction 
of local scouring indicate that the research 
has mainly been carried out on circular 
piers. However, round-nosed rectangular 
piers are widely used in bridges, and the 
performance of the bed sills on round-
nosed rectangular piers is of great interest. 
There is limited information regarding 
the application of bed sills for rectangular 
piers. The objective of this work was, there-
fore, to study the effectiveness of the bed 
sill downstream of a round-nosed rectan-
gular pier when the distance between the 
bed sill and pier and the length-to-width 
ratio of the pier were changed.

MATERIALS AND METHODS

Dimensional analysis
The relation between the depth of the local 
scour at a round-nosed rectangular bridge 
pier, ds, and a bed sill located at a distance, 
D, in the downstream (Figure 2), and its 
dependent parameters can be written 
as follows:

dse = �f (g, ρ, υ, U, y, B, d50, σg, Uc, ρ's,  
L, b, Sh, AI, D, t)� (1)

Where: dse is the equilibrium scour depth 
in the upstream front of the pier, g is the 
acceleration of gravity, ρ is water density, 
ν is kinematic viscosity, U is the mean 
approach flow velocity, y is the mean 
approach flow depth, B is the width of 
the flume cross section, d50 is the median 
diameter size of the sediment, σg is the geo-
metric standard deviation of the sediment 
particle, Uc is the mean approach flow 
velocity at the threshold condition for the 
sediment movement, ρ’s is the submerged 
sediment density, L is the rectangular pier 
length, b is the rectangular pier width, Sh 
is the parameter describing the shape, Al is 
the parameter describing the alignment of 
the pier, D is the distance between the pier 
and bed sill, and t is the time.

The Buckingham theorem, applied to 
Equation 1, by choosing ρ, U and b as the 
basic variables, leads to:
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Where: U/Uc is termed the flow intensity, 
U/ gb and Ub/ν are known as “pier Froude 
number” (Fp) and “pier Reynolds number” 
(Rp), respectively, y/b is the flow shal-
lowness, ρ’s/ρ is the submerged sediment 
specific gravity, σg is the sediment nonuni-
formity, b/d50 is the sediment coarseness, 
Ut/b is a time scale for the development 
of scour, and L/b is the aspect ratio for a 
rectangular pier.

A lot of research has been done to 
determine the effect of the dimensionless 
groups in Equation 2 on the local scour 
depth. According to Franzetti et al (1994), 
if the pier Reynolds number is greater than 
7  000, the effect of viscosity on the local 
scouring process can be ignored. If y/b ≥ 2, 
the flow shallowness effect does not occur 
and the depth does not influence scouring 
(Laursen & Toch 1956; Breusers et al 1977; 
Melville & Sutherland 1988; Franzetti et 
al 1994). Laursen and Toch (1956), and 
Hager and Oliveto (2002) reported that if 
B/b ≥ 10, the channel side wall effects on 
the local scour could be eliminated and 
the contracted scour would not happen. 
Laboratory data also showed that the local 
scour depth was independent of the sedi-
ment size when b/‌d50 ≥ 20–25 (Ettema 1980; 
Chiew 1984; Breusers & Raudkivi 1991; 
Melville & Coleman 2000). For sand and 
gravel, ρ’s/ρ is almost constant and can be 
eliminated from Equation 2. When a rectan-
gular pier is aligned with the flow direction 
(the flow angle of attack is zero), the pier 
alignment effects are assumed to be absent. 
For σg < 1.3, the sediment can be considered 
uniform. It is assumed that their influence 
in Equation 2 is the same, even in the pres-
ence of a bed sill. The maximum scour 
depth is achieved under a condition close to 
the motion initiation, i.e. U/Uc ≈ 1.

Given the above conditions, for the 
present study, the dimensionless scour 
depth can be simplified as follows:
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At equilibrium, i.e. when the dimensions of 
the scour hole stop increasing and remain 
constant, Equation 3 becomes:

ds
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U/Uc represents the stage of the sedi-
ment transport on the approach flow bed, 
termed the flow intensity. In the present 
study, all experiments were conducted 
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under weak transport conditions, so a 
small number of the smallest particles were 
in motion at the isolated zones, according 
to the definition given by (Kramer 1935), 
i.e. U/Uc = 0.95. In the following sections, 
the influence of these parameters on the 
local scour depth is discussed.

Experimental set-up and procedure
The experiments were conducted in an 11 m 
long, 0.42 m wide and 0.6 m deep plexiglass-
sided tilting recirculating experimental 
flume. At the inlet, a honeycomb box was 
placed to straighten the flow streamlines 
and minimise the turbulent velocity fluctua-
tions. The test section, in which piers and 
the bed sill were located, was 2 m long with 
a recess on the bed 0.2 m deep; it was situ-
ated 6 m downstream from the entrance 
of the flume to guarantee a fully developed 
flow. To determine a fully developed region, 
velocity profiles were measured along the 
flow from the flume inlet in case no bed 
was installed in the channel, and a fully 
developed flow was observed downstream 
far from the flow inlet, where there was no 
detectable change of velocity profiles in the 
flow direction. The recess was filled in with 
a nearly uniform coarse sand (median diam-
eter: d50 = 0.72 mm; geometric standard 
deviation: σg = (d84/‌d16)0.5 = 1.2) (d16 = grain 
size for which 16% by weight of the sediment 
was finer, and d84 = grain size for which 
84% by weight of the sediment was finer). A 
gravel ramp was placed downstream of the 
honeycomb, creating a progressive increase 
in elevation to obtain a gradual change in 
the test section. The slope of the gravel 
ramp was equal to 1 V : 6 H and its length 
was 1.2 m. Discharge was measured with an 

electromagnetic flowmeter located on the 
supply pipes with the accuracy of 0.1 ℓ/s, 
and the flow depths and bed level were in 
front of each pier with a point gauge having 
the accuracy of 0.1 mm. At the end of the 
flume, a sluice gate was used to adjust the 
water surface level. The bed topography 
was manually measured on a grid size of 
3 cm × 3 cm (sometimes 1 cm × 1 cm, 
depending on the bed topography) over the 
pier. The grid pattern was dense to obtain 
the accurate bed topography at the end of 
each experiment.

One circular and three round-nosed 
rectangular piers were tested. The circular 
pier had a diameter of 30 mm, and three 
round-nosed piers with a width of 30 mm 
and a length of 60, 90 and 120 mm were 

applied, i.e. L/b = 2, 3 and 4. The piers were 
positioned at the centreline of the middle 
cross-section of the mobile bed. The 
round-nosed rectangular piers were aligned 
with the flow direction (the flow angle of 
attack was zero), so that the pier align-
ment effects could be assumed to be zero. 
Figure 1 shows the pier models used in the 
experiments. a 1 cm thick PVC section as 
wide as the channel, flush with the bed and 
extended to the bottom of the channel, was 
used as the bed sill, at different distances, 
D. Figure 2 represents a sketch of the bed 
sill installed downstream of the rectangu-
lar pier. Table 1 shows the flow conditions 
in the experimental tests.

Twenty tests were performed. Tests 
were designed according to the values 

Table 1 Flow conditions in the experimental tests

d50
(mm)

Q
(m3/s)

U
(m/s)

y
(m)

U*c
(m/s)

Uc
(m/s)

U*/U*c Fr Re

0.72 0.0213 0.327 0.155 0.02 0.344 0.95 0.265 50685

Figure 1 �Pier models used in the experiments
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reported in Table 2. The first column 
shows the name of the test. The first letter 
shows the shape of the pier, i.e. C stands 
for the circular pier and R represents the 
round-nosed rectangular pier. The first 
number in the circular and rectangular 
piers shows the aspect ratio, i.e. the 
length-to-width ratio, L/b. The second 
number represents the relative distance 
between the pier and bed sill, D/b. Tests 
C1, R2, R3 and R4 were carried out without 
countermeasures and were used as the 
reference to evaluate the effectiveness of 
the countermeasure. In Table 2, the term 
%RDP or percentage reduction of the pier 
scour depth at equilibrium is defined as 
(dse0 = equilibrium scour depth in front of 
the pier without countermeasure):

%RDP = 
dse0 – dse

dse0
 × 100%� (5)

All experiments were continued until 
reaching the equilibrium state. Several 
criteria have been suggested in literature 
to recognise the equilibrium condition. 
Cardoso and Bettess (1999) considered that 
equilibrium could be reached if, by plotting 
ds versus log t, the variation of the slope is 
recognised in the plot; ds follows a nearly 
horizontal trend. Franzetti et al (1994) sug-
gested that equilibrium could be achieved if 
Ut/b > 2 × 106. Kumar et al (1999) assumed 
that the time of equilibrium was achieved 
when the variation in the scour depth was 
less than 1 mm in a three-hour period. 
Vittal et al (1994) also defined the equilib-
rium time as the one when the local scour 
depth variations in a six-hour period was 
less than 1 mm. Melville and Chiew (1999) 
considered that the equilibrium condition 
was reached when the variation of the local 
scour depth (ds) in a one-hour period was 
less than 5% of the pier diameter (for circu-
lar piers) or width (for rectangular). In this 
research, all tests were continued until the 
criteria proposed by Vittal et al (1994) were 
satisfied. It was found that the value of 
the scour depth in the final six hours was 
less than 1 mm 14 hours after starting the 
experiments. Therefore, all experiments 
were continued for a period of 15 hours.

The Uc value was measured in prelimi-
nary tests when the pier was not installed. 
These tests showed that, with 0.155 m flow 
depth and 0.02 m3/s discharge, the bed 
material would be at the incipient motion. 
The ratio of shear velocity in these experi-
ments, calculated from flow depth and 
energy slope, to the critical shear velocity, 

as calculated from the Shields diagram, 
was approximately 0.95. The results were 
compatible with the equations proposed 
by Laursen (1963), Goncharov (1964), Neill 
(1967) and Garde (1970).

RESULTS AND DISCUSSION

Experimental observations
During the first few minutes of the 
experiments, the bed sill was flush with 
the surface of the sediment recess and did 
not interfere with the horseshoe and wake 
vortices. During this time, the scour was 
initiated at the side of the pier, where the 
high shear stress occurred from the sepa-
rated flow before it was propagated to the 
front face of the pier where the horseshoe 
vortex was located. As time passed and the 
scour hole grew around the pier, the scour 
around the bed sill occurred and the bed 
sill emerged. As the bed sill emerged, its 
impact on the flow field started and the 
scour rate was decreased; the greater the 
distance between the bed sill and the pier, 
the later the emergence of the bed sill. By 
reducing the distance between the bed sill 

and the pier, it had a greater impact on the 
wake vortices; so, when the bed sill was 
attached to the pier, it destroyed the wake, 
as well as affected the horseshoe vortices. 
With the increase of the bed sill distance 
from the pier, the impact of it on the horse-
shoe vortices was reduced, only affecting 
the lower part of the wake vortices. In the 
downstream of the bed sill, the local scour 
was observed. The maximum local scour 
downstream of the bed sill occurred at a 
distance approximately 35% of the scour 
hole length. The same observation was 
reported by Gaudio et al (2000), Gaudio 
and Marion (2003), Tregnaghi et al (2007) 
and Grimaldi et al (2009a). The width of 
the scour region downstream of the pier 
with bed sill was almost twice that for a pier 
without bed sill. It suggested that the lower 
part of the wake vortices interacted with the 
bed sill and deviated laterally. As a result, 
the lateral movement of the wake vortices 
caused the scour hole to become wider. The 
lateral deviation of the wake vortices also 
created two symmetrical holes downstream 
of the bed sill. All eroded sediments around 
the pier and bed sill were deposited in the 
form of a downstream hill. Figure 3 shows 

Table 2 �Geometric parameters of the piers and bed sill, and the maximum scour depth at 
equilibrium and efficiency

Test
L

(mm)
b

(mm)
L/b

D
(mm)

D/b
ds

(cm)
RDP

%

C1 30 30 1 (circular) – – 6.15 –

C1–0 30 30 1 (circular) 0 0 4.15 32.5

C1–1 30 30 1 (circular) 30 1 4.57 25.7

C1–2 30 30 1 (circular) 60 2 4.75 22.8

C1–3 30 30 1 (circular) 90 3 4.95 19.5

R2 60 30 2 – – 5.85 –

R2–0 60 30 2 0 0 4.60 21.3

R2–1 60 30 2 30 1 4.80 17.9

R2–2 60 30 2 60 2 4.95 15.4

R2–3 60 30 2 90 3 5.01 14.3

R3 90 30 3 – – 5.55 –

R3–0 90 30 3 0 0 4.75 14.4

R3–1 90 30 3 30 1 4.90 11.7

R3–2 90 30 3 60 2 5.00 9.9

R3–3 90 30 3 90 3 5.05 9.0

R4 120 30 4 – – 5.25 –

R4–0 120 30 4 0 0 4.95 5.7

R4–1 120 30 4 30 1 5.01 4.6

R4–2 120 30 4 60 2 5.06 3.6

R4–3 120 30 4 90 3 5.10 2.9
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the contour lines of the equilibrium scour 
hole around the pier with and without the 
bed sill for tests C1-0, R2-0, C1 and R2. The 
images of the scour hole at the bed sill in the 
laboratory for tests C1-0 and R2-0 are also 
shown in Figure 4.

Temporal development of the local 
scour around the circular pier
Figure 5 shows the temporal development 
of the local scour around the circular pier 
without countermeasure (Test C1). It can 
be seen from Figure 5 that approximately 
95% of the local scour depth occurred in 
the first six hours. Local scour depth was 
increased progressively with time, reach-
ing equilibrium. Three segments could 
be recognised as the initial, principal and 
equilibrium segments. Three quantitative 
references of the time evolution of the 
scour depth around circular piers have 
been added for comparison purposes, i.e. 
Melville and Chiew (1999), Barkdoll et 
al (2000) and Guo (2014). The results of 
the current study were more consistent 
with those of Melville and Chiew (1999). 
Although there was a weak agreement 
between the studies presented in Figure 5 
at the initial and principal stages, the 
results were close at the final equilib-
rium stage. The difference between the 
results could be attributed to different 

experimental conditions, e.g. different 
flow intensity, U/Uc. The maximum scour 
depth, using the equation developed by Lee 
and Strum (2009), was 7.75 cm, indicating 
a good agreement with the results of the 
present study.

Temporal development of 
the local scour depth in the 
piers without bed sill
Figure 6 presents the temporal varia-
tions of the scour depth for circular and 

round-nosed rectangular piers without bed 
sill. As can be clearly seen at all phases of 
temporal development, the scour depth 
at the round-nosed rectangular piers was 
lower than that of the circular pier. In 
addition, the scour depth difference for 
the round-nosed rectangular piers with 
different lengths in the initial times of 
temporal development was low; however, 
over time, this difference increased. The 
results, as shown in Figure 6, indicated 
that in the round-nosed rectangular piers, 

Figure 4 �Images of the scour hole at the bed sill in the laboratory for tests (a) C1-0 and (b) R2-0

(a) (b)

Flow Flow

Figure 3 �Contour lines of the equilibrium scour hole around the pier with and without the bed sill for tests (a) C1-0, (b) R2-0, (c) C1 and (d) R2
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the pier with the shorter length (L = 60 
mm) had more scour depth, whereas the 
lower scour depth occurred at the pier 
with the larger length (L = 120 mm). This 
is due to the horseshoe vortex, after form-
ing in front of the pier, moving along the 
pier to its downstream end; so, the longer 

the pier, the weaker the horseshoe vortex. 
A reduction of the strength of the wake 
vortices resulted in less sediment being 
transported from the back of the pier. This 
could have an impact on the transporta-
tion of sediment from the front to the 
back of the pier.

Temporal development of the local 
scour depth in the piers with bed sill

The effect of increase (L/b) on 
the local scour depth
Temporal scour depth variations in the 
circular and round-nosed rectangular 

Figure 5 �Temporal development of the local scour around the circular 
pier without countermeasure (Test C1) and comparison with 
other studies
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Figure 6 �Temporal variations of the scour depth in the piers without 
bed sill
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(a) D/b = 0, (b) D/b = 1, (c) D/b = 2 and (d) D/b = 3
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piers with bed sill into the piers and those 
without bed sill are presented for different 
distances of the bed sill from the down-
stream side of the bridge pier in Figure 7. 
The percentage reduction of the local scour 
depth of the circular and round-nosed 
rectangular piers with bed sill into the 
piers and those without bed sill is also 
presented in Table 2. The results, as pre-
sented in Figure 7, showed that the scour 
depth variations were very high in the early 
phases of the experiments, but over time 
the intensity of these variations was dimin-
ished. The bed sill used in this study acted 
as a protective agent against local scour, 
influencing the horseshoe vortex and, par-
ticularly, the wake vortices. In addition, the 
results indicated that, by increasing the L/b 
ratio at the piers with bed sill, the scour 
depth increased and bed sill performance 
was decreased. Therefore, it could be stated 
that the bed sill performance for the pier 
with L/b = 1 outweighed that for the pier 
with L/b = 4.

The effect of increase (D/b) 
on the local scour depth
Temporal variations of the scour depth 
based on the variations in the distance of 

the bed sill from the downstream side of 
the circular and round-nosed rectangular 
piers are presented for different length-to-
width ratios, L/b, in Figure 8. In addition, 
according to Table 2, the bed sill perfor-
mance in terms of reducing the local scour 
depth of the circular and round-nosed 
rectangular piers was calculated and pre-
sented. In all experiments, the scour depth 
was measured and shown at different time 
intervals. Sixteen tests were carried out 
to investigate the bed sill performance at 
the piers with ratios (L/b) 1, 2, 3 and 4; the 
details of each experiment are presented 
in Table 2. The results indicated that the 
bed sill, as a protective agent on the back 
of the pier, reduced the scour depth (ds) 
and its use led to a significant decrease in 
the local scour depth of the bridge piers, 
particularly for the circular pier. The 
results also revealed that, by distancing the 
bed sill from the back of the pier towards 
downstream, the bed sill had less effect on 
reducing the local scour depth. In addition, 
it could be seen that when increasing the 
L/b ratio, the bed sill performance at dif-
ferent D/b intervals was decreased – see 
Figures 8(a) and 8(b). Therefore it could 
be expressed that the highest decrease in 

the local scour depth by the bed sill for the 
best combination L/b = 1, D/b = 0, and the 
lowest decrease in the local scour depth 
for the combination L/b = 4, D/b = 3 were 
observed, i.e. approximately 32.5% and 
2.9%, respectively (Table 2). Regardless of 
the increase of the L/b ratio, at L/b = 4 
the use of the bed sill did not have much 
effect on reducing the scour depth and the 
temporal development of the local scour 
depth at the piers where the bed sill was 
almost equal to those without bed sill – see 
Figure 8(d).

Performance of the bed 
sill in the circular pier
Figure 9 indicates the performance of the 
bed sill at different distances downstream of 
the circular pier (C1-0, C1-1, C1-2 and C1-3 
tests). For comparison, the results obtained 
by Grimaldi et al (2009a) are included. As 
shown in Figure 9, the smaller the distance 
between the bed sill and pier, the larger 
the effectiveness of the countermeasure. 
Grimaldi et al (2009a) also found that the 
bed sill effectiveness was increased as D 
was decreased. The maximum efficiency 
was achieved when the bed sill was placed 
just adjacent to the downsream face of the 

Figure 8 �Temporal variations of the scour depth at the piers with and without bed sill for different length-to-width ratios: (a) L/b = 1, (b) L/b = 2, 
(c) L/b = 3 and (d) L/b = 4
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circular pier, i.e. D/b = 0 (32.5%). The same 
results were obtained by Grimaldi et al 
(2009a) and Tafarojnoruz et al (2012a). 
When the bed sill is close to the pier, 
D = 0, the bed sill entirely eliminates the 
wake vortex system from the scour volume 
around the pier and changes the flow field, 
as well as affects the horseshoe vortex; this 
results in the maximum performance of the 
bed sill in the reduction of local scouring at 
the pier nose. When D is increased (D > 0), 
the bed sill seems to affect the horseshoe 
vortex, further disturbing the lower part of 
the wake vortex system, with a performance 
less than that for D = 0. The difference of 
performance in the present study and that 
of Grimaldi et al (2009a) could be related 
to the duration of the experiments. The 
duration of tests in the present study was 
15 hours, based on the Vittal et al (1994) 
equilibrium criteria, while it was 96 hours 
in the study performed by Grimaldi et al 
(2009a) according to equilibrium criteria 
proposed by Grimaldi (2005) .

Performance of the bed sill in the 
round-nosed rectangular pier
Figure 10 shows the effectiveness of the bed 
sill in reducing the local scour at the circu-
lar pier and rectangular round-nosed piers 
having different length-to-width ratios. 
For all piers, the bed sills were located at 
four different distances downstream of the 
pier. As can be clearly seen from Figure 10, 
for the round-nosed rectangular piers, 
similar to the circular pier, the maximum 
efficiency of the bed sill occurred when 
it was positioned downstream of the pier 
and attached to it, that was D/b = 0; it was 

decreased with increasing its distance from 
the pier. Figure 10 clarifies that at a certain 
D/b, the efficiency of the bed sill in the 
round-nosed rectangular pier was signifi-
cantly reduced, compared to the circular 
one. In round-nosed rectangular piers, for 
a certain D/b, the efficiency was decreased 
with increasing pier length.

CONCLUSIONS
The scour depth of the rectangular piers 
was lower than that of the circular ones at 
all phases of temporal development. Also, 
the scour depth decreased with an increas-
ing length-to-width ratio. The efficiency 
decreased with an increasing length-to-
width ratio of the piers. In round-nosed 
rectangular piers, similar to the circular 
piers, the maximum efficiency of the bed 
sill occurred when the bed sill was attached 
to the downstream end of the pier. The 
efficiency decreased with an increase in the 
bed sill distance from the downstream end 
of the pier. To conclude, although the use 
of bed sill is suitable for reducing the local 
scour in the circular piers, its effectiveness 
at round-nosed rectangular piers is signifi-
cantly reduced when the length-to-width 
ratio is greater than 2. This means that 
when the bed sill is attached to the pier, 
the efficiency is decreased from 32.5% for 
the circular pier to 5.7% for the rectangular 
one with a length-to-width ratio of 4. 
Therefore, the application of the bed sill 
cannot be recommended for reducing the 
local scouring in round-nosed rectangular 
piers when the length-to-width ratio is 
greater than 2.
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