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Abstract
One of the most common problems for river engineers is the accumulation of waterborne debris upstream of the bridge 
piers. In addition to reducing the cross-sectional flow area, debris increases the drag force exerted to the pier and contrib-
utes to scour. Several studies have been carried out by previous researchers to examine the usefulness of different types of 
countermeasures. The effectiveness of these countermeasures is not well understood when debris accumulation occurs. In 
this study, the effect of debris accumulation on the efficiency of a bridge pier slot, as scour countermeasure, is investigated 
experimentally. A total of 54 experiments were carried out under different hydraulic and debris geometrical conditions. The 
results showed that slots were effective in protecting bridge piers against scouring in presence of debris. Depending on the 
debris shape, the reduction efficiency may increase or decrease for a slotted pier in presence of debris accumulation when 
compared to the standard pier conditions without debris accumulation. Except for the inverse pyramid shape, the maximum 
scour is generally more reduced due to sheltering effect when the debris is located on the bed. While debris accumulation can 
lead to a reduction of the slot efficiency, the slot can be considered a reliable countermeasure against scouring. The outcome 
of this study can help the design of new bridges affected by large wood debris accumulations.

Keywords  Bridge pier · Scour · Debris accumulation · Slot · Structural failure

Introduction

Bridges play an important role in public transportation and 
their damage causes significant economic losses and signifi-
cant disruption to communities. One of the most important 
factors in dynamic behavior, fragility, and bridge structural 
collapse is bed scouring around the pier and the consequent 
failure of the foundation (Wardhana and Hadipriono 2003; 
Scozzese et al. 2019; Guo et al. 2020; Tubaldi et al. 2017; 
Pizarro et al. 2020). Estimating scour depth around bridge 
piers has been thoroughly studied by many researchers in 

the past (Carnacina et al. 2019; Melville and Chiew 1999; 
Lin et al. 2012; Pandey et al. 2020). Despite the efforts made 
so far, sufficient understanding of the mechanism of local 
scouring around bridge piers has not yet been achieved, and 
every year many bridges around the world are damaged, 
which causes severe human and financial losses. In general, 
two methods have been proposed to protect bridge piers 
against bed scouring: increasing the bed material strength, 
and modifying the flow pattern around the pier.

In the first method, the resistance of bed particles move-
ment caused by flow shear is increased using materials with 
a larger sediment transport threshold velocity, e.g., riprap 
(Chiew 1995, 2004; Chiew and Lim 2000; Lauchlan and 
Melville 2001; Froehlich 2013; Unger and Hager 2006), 
geo-bags (Korkut et al. 2007; Akib et al. 2014), gabions 
(Pagliara et al. 2010; Yoon and Kim 2001), or tetrahedral 
frames (Tang et al. 2009).

In the second method, the flow pattern and the turbulent 
structure normally observed around piers, i.e., the downflow, 
horseshoe vortex and wake, which are the main causes of the 
local erosion of the bed material, is drastically modified by 
making changes to the pier or in its vicinity. In particular, 

Communicated by Łukasz Przyborowski, Assistant Professor 
(Guest Editor) / Dr. Michael Nones (CO-EDITOR-IN-CHIEF).

 *	 Hossein Hamidifar 
	 hamidifar@shirazu.ac.ir

1	 Water Engineering Department, Shiraz University, Shiraz, 
Iran

2	 School of Civil Engineering and Built Environment, 
Liverpool John Moores University, Peter Jost Centre, Byrom 
Street, Liverpool L3 3AF, UK

http://orcid.org/0000-0001-9054-0120
http://orcid.org/0000-0003-2909-8032
https://orcid.org/0000-0001-5567-7180
http://crossmark.crossref.org/dialog/?doi=10.1007/s11600-021-00722-2&domain=pdf


2326	 Acta Geophysica (2022) 70:2325–2339

1 3

scouring is reduced or eliminated by reducing the strength 
of the erosive flow. Collars (Zarrati et al. 2004; Masjedi 
et al. 2010; Heidarpour et al. 2010; Bestawy et al. 2020; 
Memar et al. 2020; Hamidifar et al. 2022), threadings (Dey 
et al. 2006; Tafarojnoruz et al. 2012), bed-sills (Pagliara 
et al. 2010; Chiew and Lim 2003; Grimaldi et al. 2009a; 
Hamidifar et al. 2018a, 2018b), vanes (Ghorbani and Kells 
2008; Zarei et al. 2019), splitter plates (Khaple et al. 2017), 
sacrificial piles (Melville and Hadfield 1999; Park et al. 
2016), and slots (Bestawy et al. 2020; Chiew 1992; Kumar 
et al. 1999; Hajikandi and Golnabi 2018; Obied and Khas-
saf 2019; Hosseini et al. 2020; Osrush et al. 2020; Sharma 
1999; Heidarpour 2002) are some example of the methods 
that have been proposed to reduce scouring around bridge 
piers by modifying the flow pattern.

Slot protections have shown promising results. A slot is 
an opening in the pier that causes a portion of the flow to 
pass through the pier. It has been found that the downflow 
and the wake vortex system is weakened due to the presence 
of the slot (Chiew 1992; Grimaldi et al. 2009b). The use of 
slots in bridge piers was first reported by Tanaka and Yano 
(1967) as a new method in controlling scouring around the 
pier. They found that a slot can reduce the maximum scour 
depth by up to 30% compared to the standard piers. Chiew 
(1992) investigated the effect of slots on scour around a 
cylindrical pier and concluded that using a slot with a width 
equal to 1/4 of the pier diameter reduces the maximum scour 
depth by 20%. Also, the results of an experimental study 
conducted by Kumar et al. (1999) indicated an 18% and 33% 
reduction in the maximum scour depth for a slot located 
above the initial bed and a slot extended beneath the bed, 
respectively. Tafarojnoruz et al. (2012) examined the effec-
tiveness of six different methods for pier protection against 
scouring. They concluded that slot, collar, or sacrificial piles 
are up to 15% more effective in reducing scouring compared 
to threading, submerged vanes, and a bed-sill. Azevedo et al. 
(2014) evaluated the use of a slot in reducing the maximum 
scour depth around circular and elongated bridge piers and 
observed a reduction of the maximum scour depth up to 26% 
and 16% for the circular and elongated pier, respectively. 
Also, Hosseini et al. (2020) and Osrush et al. (2019) con-
ducted experimental studies on the effects of the size and 
vertical position of slots on the reduction of scouring around 
rectangular abutments. They concluded that slots are more 
effective in abutments than bridge piers against scouring. 
In a more recent study, Bestawy et al. (2020) studied differ-
ent types of pier slots geometries, showing that the sigma-
shaped slots performed better than other geometries tested.

Several studies show that a better result is obtained if a 
combination of a slot and other scour countermeasures are 
used around the pier. For example, Chiew (1992) observed 
that the collar-slot combination is more effective in reducing 
scour depth than either the collar or the slot alone. Grimaldi 

et al. (2009b) studied the effect of combining a slot with 
bed-sill on scouring around the pier. They concluded that 
this method could reduce the maximum scouring depth up 
to 45% and could therefore be used as an effective method 
of controlling scouring around the pier. Also, Gaudio et al. 
(2012) examined five different combinations of scour reduc-
tion methods around the pier and concluded that the combi-
nation of slot and bed-sill has been more effective compared 
to the other four combinations tested. It has been proven that 
the scouring depth decreases with increasing the length of 
the slot, and if the slot is used in combination with a collar, 
almost no scouring will occur around the pier (Moncada-M 
et al. 2009).

The mobility and accumulation of floating debris at 
bridge piers is a growing problem around the world (Panici 
and Almeida 2018; Schalko et al. 2019; Dixon and Sear 
2014; Cantero-Chinchilla et al. 2021; Panici and Kripa-
karan 2021). Floating debris also called large woody debris 
(LWD) (Wohl et al. 2019) or driftwood (Schmocker and 
Weitbrecht 2013; Schmocker and Hager 2013), refers to the 
fragments of tree trunks, branches, eroded materials, which 
are mainly found in areas where trees are growing near the 
river banks (Diehl 1997; Jamei and Ahmadianfar 2020). 
Many studies indicate that the accumulation of such float-
ing objects upstream of the pier leads to an increase in the 
effective width of the pier, increase the shear stress, change 
the flow pattern, turbulence, and, consequently, the scouring 
mechanism, increasing the risk of bridge failure (Pagliara 
et al. 2010; Diehl 1997; Melville and Dongol 1992; Pagliara 
and Carnacina 2013, 2011; Lagasse et al. 2010; Benn 2013; 
Cicco et al. 2020; Mueller and Parola 1998; Melville and 
Coleman 2000; Ruiz-Villanueva et al. 2016; Rahimi et al. 
2020, 2018).

While Briaud et al. (2006) reported that about 10% of all 
bridges constructed over waterways in the USA are exposed 
to additional scouring due to debris accumulation, Diehl 
(1997) estimated the incidence of debris to bridge failure 
as one in three cases for the US, and Benn (2013) produced 
similar figures for UK and Ireland. Also, heavier debris 
accumulation occurs in single piers (Lyn et al. 2007). Ebra-
himi et al. (2018) reported that cylindrical debris located 
beneath the water surface increases the maximum scour 
depth up to 33% compared to no-debris case. Another study 
by Pagliara et al. (2010) revealed that the maximum scour 
depth around the bridge pier with debris accumulation can 
be increased up to three times that without debris accumu-
lation. Also, Park et al. (2016) observed that due to debris 
accumulation upstream of a single pier, the maximum scour 
depth increased up to 60% compared to no-debris conditions. 
Also, Pagliara and Carnacina (2011) experimentally studied 
the effect of debris accumulation on bridge pier scour. They 
used three wood debris shapes including triangular, cylin-
drical, and rectangular with various thicknesses and widths. 
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They related the scour depth around the bridge pier to the 
blockage ratio due to debris accumulation. Additional stud-
ies by Park et al. (2016); Rahimi et al. (2020), Rahimi et al. 
(2018) and Dias et al. (2019) showed that the location and 
shape of debris accumulation has a considerable impact on 
the final scour depth.

Several mitigation measures have been developed in the 
past to reduce debris accumulating at bridge structures, for 
example, Schmocker and Weitbrecht (2013) tested a bypass 
system, Panici and Kripakaran (2021) a series of inclined 
racks, and Franzetti et al. (2011) examined wedges upstream 
of a pier to keep debris away. However, the efficiency of 
some scour countermeasures, for example, bed-sills, gabi-
ons, and sacrificial piles have been found to decrease due 
to debris accumulation (Pagliara et al. 2010; Park et al. 
2016; Rahimi et al. 2018; Tafarojnoruz and Gaudio 2011). 
Although the studies done so far on scouring reduction have 
shown the effective role of slots, there are still gaps in its 
utilization in practice. For example, slots may be fully or 
partially clogged by the accumulation of debris carried by 
flood currents (Chiew 1992). Despite advances in scouring 
around bridge piers so far, the effect of debris accumulation 
upstream of the slotted bridge piers is still a concern for 
designers and engineers due to insufficient information. The 
main purpose of the present study is to investigate experi-
mentally the effect of the accumulation of debris upstream 
of single circular cylindrical bridge piers with and without a 
slot. Also, the effect of the shape of the debris accumulated 
upstream of the pier as well as the flow characteristics on 
the scour hole around the pier has been investigated. Finally, 
the effect of the debris position (near the water surface or in 
the vicinity of the channel bed) on the scouring and the slot 
efficiency has been analyzed.

Materials and methods

The experimental tests were carried out at the Sediment 
Hydraulics Laboratory of Shiraz University, Shiraz, Iran 
under clear-water flow conditions. A glass-walled rectan-
gular recirculating flume with 0.4 m width, 9 m length 
and a bed slope of 0.002 was used for the experiments 
(Fig. 1a). A series of 0.5 m long PVC pipes with 20 mm 
diameter was used as a flow straightener to reduce dis-
turbances of the entrance flow as shown in Fig. 1a. The 
0.2 m deep alluvial bed was composed of uniform sedi-
ments with a median particle diameter (d50) of 0.8 mm, 
a geometric standard deviation (σg=

√

d
84
∕d

16
 ) of 13 and 

specific gravity (Sg) of 2.65, where d50, d84, and d16 are the 
particle sizes for which 50, 84, and 16% of sediment grains 
are finer. The bridge pier was modeled based on the crite-
ria suggested by Chiew and Melville (1987). Accordingly, 
the effect of the pier width on the scouring is negligible 

when the pier width is less than 10% of the flume width. 
Also, the ratio of the pier width to median particle diam-
eter (D/d50) must be greater than 30 to ensure that the 
sediment size does not affect the rate of scouring (Lee 
and Sturm 2009). A fiberglass cylinder with 0.5 m height 
and a diameter of D = 40 mm was used in the experiments. 
A slot with a height equal to the flow depth (h = H) and 
width of b = 10 mm (b = 0.25D) was made in the center 
of the pier model based on Chiew (1992), who recom-
mended the width of 1/4 of the pier diameter as the opti-
mal slot width. The shape of woody debris observed in the 
literature ranges from a simple cylindrical log (Melville 
and Dongol 1992; Ebrahimi et al. 2018, 2017) to more 
complex shapes such as rectangular debris (Pagliara and 
Carnacina 2011; Lagasse et al. 2010) and inverted trian-
gular or conical shapes (Cantero-Chinchilla et al. 2021; 
Pagliara and Carnacina 2011; Lagasse et al. 2010; Ebra-
himi et al. 2018; Panici and Almeida 2020) and it is influ-
enced by flow conditions, channel geometry, pier shape, 
and woody debris characteristics and availability. In this 
study, two circular cylinders of 12- and 24-mm diameters, 
an inverse pyramid, and a rectangular plate made of fiber-
glass were transversally attached to the upstream side of 
the pier (Fig. 1b) to simulate single logs, debris jam pro-
truding vertically upstream of the pier, and a woody debris 
accumulation at the water surface. As the main purpose 
of the present study is to investigate the slot performance 
in scour depth mitigation in the presence of debris, the 
shape of the debris is of secondary importance here. The 
top of the debris was tangent to the water surface. Also, 
in some tests, the debris was located on the channel bed 
to study the effect of debris position on the scour process 
(Fig. 1c). The ratio of the modeled debris length in the ver-
tical direction (Lz) to that in the transverse direction (Ly), 
i.e. Lz/Ly, was in the range of 0.06–0.12, which is close to 
the range observed by Ebrahimi et al. (2018). This range 
is close to the average ratio reported by several researchers 
in field conditions (Diehl 1997; Beechie and Sibley 1997; 
Kail 2003; Comiti et al. 2006; Magilligan et al. 2008). 
Three different flow discharges of 12.9, 15.3, and 16.7 l/s 
producing flow depths of 0.13, 0.16, and 0.18 m, respec-
tively, were used in the experiments. The flow depth for 
each discharge mentioned above was calculated based on 
the flow intensity (U/Uc) of 0.83, 0.77, and 0.73, respec-
tively, where U is the cross-sectional averaged flow veloc-
ity and Uc is the critical flow velocity for the incipient 
motion of the sediment particles according to the Shields 
diagram. While the maximum scour depth occurs for U/Uc 
(almost) equal to 1, there may be several cases in the field 
conditions where the flow intensity is much lower than 
1(Hamidifar et al. 2021). Although flows with U/Uc < 1 
may not lead to the maximum scouring, the presence of 
debris can significantly alter the scouring depth and it is 
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important to understand the impact of debris accumulation 
also at lower flow intensities, as experimented in several 
other works (Pagliara and Carnacina 2011; Lagasse et al. 
2010; Ebrahimi et al. 2018). The flow depth was adjusted 
using a tailgate located at the downstream end of the labo-
ratory flume. At the end of each experiment, the flume was 
drained, the debris was removed and the topography of the 
scoured bed was measured using an optical meter with a 
precision of ± 0.1 mm mounted on a carriage. The carriage 
was able to move in the streamwise as well as the trans-
verse directions in a 20 mm × 20 mm grid to give a 3-D 

view of the scoured bed. A summary of the experimental 
conditions and debris dimensions are given in Table 1. 

Each test was continued until reaching a quasi-equilib-
rium condition based on the criteria suggested by Chiew and 
Melville (1987) who reported that the equilibrium scouring 
depth can be considered when the variations in the scour 
depth is less than 5% of the pier diameter during 24 h. A 
series of 48-h long tests showed that the quasi-equilibrium 
conditions were met after 6 h, and this was the final duration 
selected for all the experimental runs. Each test is identified 
by a combination of letters and numbers. Thereafter, NS and 

Fig. 1   a schematic view of the experimental flume (Not to scale), b slot and debris position, c a photo of the pier and debris located on the bed, 
and d different debris types used in the experiments
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Table 1   Summary of the 
experimental conditions

Test code Q
(lit/s)

H
(mm)

D
(mm)

b
(mm)

U/Uc
(–)

Fr
(–)

Lx
(mm)

Ly
(mm)

Lz
(mm)

NS-ND-130 12.9 130 40 10 0.83 0.220 – – –
NS-ND-160 15.3 160 40 10 0.80 0.191 – – –
NS-ND-180 16.7 180 40 10 0.77 0.175 – – –
S-ND-130 12.9 130 40 10 0.83 0.220 – – –
S-ND-160 15.3 160 40 10 0.80 0.191 – – –
S-ND-180 16.7 180 40 10 0.77 0.175 – – –
S-D1-130 12.9 130 40 10 0.83 0.220 12 200 12
S-D2-130 12.9 130 40 10 0.83 0.220 24 200 24
S-D3-130 12.9 130 40 10 0.83 0.220 24 200 24
S-D4-130 12.9 130 40 10 0.83 0.220 100 200 12
S-D1-160 15.3 160 40 10 0.80 0.191 12 200 12
S-D2-160 15.3 160 40 10 0.80 0.191 24 200 24
S-D3-160 15.3 160 40 10 0.80 0.191 24 200 24
S-D4-160 15.3 160 40 10 0.80 0.191 100 200 12
S-D1-180 16.7 180 40 10 0.77 0.175 12 200 12
S-D2-180 16.7 180 40 10 0.77 0.175 24 200 24
S-D3-180 16.7 180 40 10 0.77 0.175 24 200 24
S-D4-180 16.7 180 40 10 0.77 0.175 100 200 12
NS-D1-130 12.9 130 40 10 0.83 0.220 12 200 12
NS-D1-160 15.3 160 40 10 0.80 0.191 12 200 12
NS-D1-180 16.7 180 40 10 0.77 0.175 12 200 12
NS-D2-130 12.9 130 40 10 0.83 0.220 24 200 24
NS-D2-160 15.3 160 40 10 0.80 0.191 24 200 24
NS-D2-180 16.7 180 40 10 0.77 0.175 24 200 24
NS-D3-130 12.9 130 40 10 0.83 0.220 24 200 24
NS-D3-160 15.3 160 40 10 0.80 0.191 24 200 24
NS-D3-180 16.7 180 40 10 0.77 0.175 24 200 24
NS-D4-130 12.9 130 40 10 0.83 0.220 100 200 12
NS-D4-160 15.3 160 40 10 0.80 0.191 100 200 12
NS-D4-180 16.7 180 40 10 0.77 0.175 100 200 12
NS-D1-130-Bed 12.9 130 40 10 0.83 0.220 12 200 12
NS-D2-130-Bed 12.9 130 40 10 0.83 0.220 24 200 24
NS-D3-130-Bed 12.9 130 40 10 0.83 0.220 24 200 24
NS-D4-130-Bed 12.9 130 40 10 0.83 0.220 100 200 12
S-D1-130-Bed 12.9 130 40 10 0.83 0.220 12 200 12
S-D2-130-Bed 12.9 130 40 10 0.83 0.220 24 200 24
S-D3-130-Bed 12.9 130 40 10 0.83 0.220 24 200 24
S-D4-130-Bed 12.9 130 40 10 0.83 0.220 100 200 12
NS-D1-160-Bed 15.3 160 40 10 0.80 0.191 12 200 12
NS-D2-160-Bed 15.3 160 40 10 0.80 0.191 24 200 24
NS-D3-160-Bed 15.3 160 40 10 0.80 0.191 24 200 24
NS-D4-160-Bed 15.3 160 40 10 0.80 0.191 100 200 12
S-D1-160-Bed 15.3 160 40 10 0.80 0.191 12 200 12
S-D2-160-Bed 15.3 160 40 10 0.80 0.191 24 200 24
S-D3-160-Bed 15.3 160 40 10 0.80 0.191 24 200 24
S-D4-160-Bed 15.3 160 40 10 0.80 0.191 100 200 12
NS-D1-180-Bed 16.7 180 40 10 0.77 0.175 12 200 12
NS-D2-180-Bed 16.7 180 40 10 0.77 0.175 24 200 24
NS-D3-180-Bed 16.7 180 40 10 0.77 0.175 24 200 24
NS-D4-180-Bed 16.7 180 40 10 0.77 0.175 100 200 12
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ND, refer to the tests without slot and debris, respectively, S 
stands for the tests with slot, and D1, D2, D3, and D4 refers 
to cylindrical debris of 12 mm diameter, cylindrical debris 
of 24-mm diameter, inverse pyramid, and rectangular debris 
shapes, respectively. The parameters affecting the scouring 
around a cylindrical bridge pier with impervious debris 
accumulations in a fluvial bed with uniform sediments are: 
the flow depth (h), mean flow velocity (V), bed slope (S), 
channel width (B), bed roughness (ks), water (ρw) and bed 
particles (ρs) specific mass, acceleration due to gravity (g), 
viscosity (υ), pier diameter (D), particle size (d50), debris 
dimensions in the streamwise, transverse, and vertical direc-
tions (Lx, Ly, and Lz respectively), debris specific mass (ρd), 
debris frontal area (Ad), debris distance to the water surface 
(hd). By excluding the parameters that were kept constant in 
the present study, i.e., S, B/D, ks/D, ρs/ρw, d50/D, and ρd/D, 
and neglecting the effect of Reynolds number Re = ρwVh/υ 
because of the turbulent flow conditions and flow depth as 
h/D > 3, the non-dimensional maximum scour depth dsm/D 
was found to be a function of Froude number Fr = V/√(g.h), 
and the debris geometrical parameters Lx/D, Lz/D, hd/D, and 
Ad/D2.

Results

Figure 2 shows variations of the non-dimensional maxi-
mum scour depth around the pier, dsm/D, for different flow 
and debris conditions for Fr1 = 0.22. The slot reduces the 
maximum scour depth compared to the standard pier under 

both no-debris and debris conditions. These findings are 
comparable to those of previous studies on standard piers 
without debris (for example Chiew 1992; Grimaldi et al. 
2009b; M Heidarpour 2002; Kumar et al. 1999; Moncada-
M et al. 2009).

Figure 3 shows variations of dsm/D against Fr and for 
different debris conditions. The maximum scour depth 
decreases due to the presence of the slot in the pier for a 
given debris condition and the maximum scouring depth 
decreases as the Froude number decreases. However, the 
maximum scouring depth increases compared to the no-
debris conditions for all the tests with different shapes 
of debris placed right beneath the water surface. The 
maximum scouring depth increases as the debris diam-
eter increases for the cylindrical shape debris placed near 
the water surface. This trend is completely reversed for a 
debris placed on the channel bed.

The figure also shows how the maximum scouring depth 
increases compared to the tests with debris located near 
the water surface as well as the tests with no-debris con-
ditions in the cases of an inverse pyramid debris located 
above the channel bed.

Additionally, for all the slotted and standard piers tests 
with rectangular debris, the near-bed accumulation of 
debris has reduced the maximum scour depth compared 
to the near water surface accumulation of debris material.

Table 1   (continued) Test code Q
(lit/s)

H
(mm)

D
(mm)

b
(mm)

U/Uc
(–)

Fr
(–)

Lx
(mm)

Ly
(mm)

Lz
(mm)

S-D1-180-Bed 16.7 180 40 10 0.77 0.175 12 200 12
S-D2-180-Bed 16.7 180 40 10 0.77 0.175 24 200 24
S-D3-180-Bed 16.7 180 40 10 0.77 0.175 24 200 24
S-D4-180-Bed 16.7 180 40 10 0.77 0.175 100 200 12

Fig. 2   Variations of the dimen-
sionless maximum scour depth 
for slotted and non-slotted piers 
and different debris conditions 
(Fr = 0.22)
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Fig. 3   Variations of the dimensionless maximum scour depth (dsm/D) against Froude number (Fr) in different tests: a ND, b D1, c D2, d D3, e 
D4, f D1-Bed, g D2-Bed, h D3-Bed, and i D4-Bed

Fig. 4   Variations of the maxi-
mum scour depth in the slotted 
or debris loaded piers compared 
to that of the control test
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Discussion

To quantify the effect of the presence of slot and debris and 
its location on the maximum scour depth, the percentage of 
variation in the dsm relative to the control test (no-debris and 
no-slot), RNS-ND, is calculated for different tests and shown 
in Fig. 4 for the three flow Froude number tested. RNS-ND is 
computed as:

where dsm and dNS-ND denote the maximum scour depth 
around the pier in each test and the control test (no-slot and 
no-debris conditions), respectively.

For the standard pier tests (no-slot conditions denoted 
with NS), it can be seen that the maximum scour depth has 
increased up to 32, 57, 52, and 57%, for debris types D1, D2, 
D3, and D2, respectively, located under the free water sur-
face. For under-free-water-surface debris, both streamwise 
and downward components of the flow velocity as well as 
the bed shear stress increase and consequently increase the 
maximum scouring depth around the pier. Ebrahimi et al. 
(2018) also reported similar findings for sharp-nose piers. 
Figure 3 also shows that the maximum scouring depths for 
the tests with debris type D2 are greater than the correspond-
ing tests with debris type D1. The reason can be attributed to 
the fact that debris type D2 produces larger blockage in the 
flow cross-sectional area and consequently, the flow velocity 

(1)R
NS−ND =

d
sm

− d
NS−ND

d
NS−ND

× 100,

and bed shear stress will be higher than those of correspond-
ing D1 tests.

The sheltering effect of a debris located near the bed 
reduces the maximum scour depth by 33%, 44%, and 35% 
for debris types D1, D2, and D4, respectively, for the stand-
ard pier tests, whilst the maximum scour depth increases 
up to 77% for the debris type D3. The different trend for 
the inverse pyramid debris shape may be attributed to the 
re-direction of the near-bed streamlines after impinging the 
debris (Fig. 5). The downward slope of the inverse pyra-
mid causes the flow to redirect toward the bed, as shown in 
Fig. 4, increasing the maximum scouring depth compared to 
the cases without debris. The sheltering effect of the debris 
D3 has been neutralized because of the flow redirection and 
the maximum scour depths in the NS-D3-Bed tests are high-
est among all the tested conditions.

Figure 4 shows that the slot alone leads to a 37–39% 
reduction in the maximum scour depth compared to stand-
ard pier conditions. However, due to the effects of the debris 
located near the water surface, the slot efficiency in reducing 
the maximum scour depth reduces up to 32% and 27% for 
the D1 and D2 cylindrical debris shapes, respectively. It is 
interesting to note that when the debris is located near the 
channel bed, the percentage reduction in the maximum scour 
depth increases up to 33 and 44% for D1 and D2 cylindrical 
debris shapes, respectively. Figure 4 shows that the larger the 
cylindrical shape debris diameter located on the initial bed 
surface, the smaller the maximum scour depth. The reason 
may be attributed to the sheltering effect of debris located on 

Fig. 5   Schematic view of flow around different debris types at differ-
ent positions: a cylindrical, b inverse pyramid, c rectangular debris 
located just below the free water surface, d cylindrical, e inverse pyr-

amid, and f rectangular debris located above the bed (Note: the veloc-
ity vectors shown in the figure are hypothesised and not observed)
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the bed. When the debris is located in the vicinity of the bed, 
the maximum scouring depth around simple bridge piers 
is mitigated due to the reduced strength of the downflow 
(Rahimi et al. 2018; Ebrahimi et al. 2018, 2020).

Figure 4 also shows that the flow Froude number, in the 
range tested in the present study, has limited influence on the 
maximum scour values for the slotted pier without debris 
and with debris located near the water surface. However, for 
the standard pier and all of the debris shapes located near 
the water surface, the Froude number considerably affect the 
maximum scour depth. In this case, the difference between 
the RNS-ND values corresponding to the lowest and highest 
Froude number studied was found to be about 35% for D2 
and D3 debris types.

|It is interesting to note that the maximum scour may be 
increased or decreased compared to the standard pier with-
out debris conditions depending on the shape of the debris 
for the tests with debris located near the bed surface. On the 
other hand, while D1, D2, and D4 debris types cause the 
maximum scouring depth to be reduced up to 33%, 43%, and 
35%, respectively, the maximum scour depth increases up to 
82% for the inverse pyramid debris type (D3). The sheltering 
effects of the debris causes a considerable reduction in the 
maximum scouring depth for slotted piers when compared 
to the standard pier conditions. Additionally, the percentage 
reduction in the maximum scour depth is not affected by the 
flow Froude number for the slotted pier with D1 and debris 
types D2 located on the bed (Fig. 4) in the range of Fr values 
tested in the present study. The inverse pyramid debris (D3) 
accumulated on a slotted pier shows a different trend where 
the scour depth increases 23% and decreases by 17% for the 

tests with the highest and lowest Froude numbers studied, 
respectively, which could be linked to the the reduction in 
the near-bed flow velocity with decreasing Froude number 
and the weaker flow field around the slotted pier.

The percentage reduction in the maximum scouring depth 
increases with decreasing Fr for the debris type D4, which 
can be attributed to the sheltering effect of these particular 
configuration of debris.

Figure 6 shows the variations of the dimensionless scour 
depth (dsm/D) versus dimensionless debris area (Ad/D2) for 
debris located near the free flow surface. The dimensionless 
scouring depth increases with increasing debris blockage for 
the non-slotted bridge pier tests (Fig. 6a). The increase in the 
maximum scour depth with increasing blockage area can be 
attributed to the increased flow velocity beneath the debris 
due to the reduction of the flow passage area. On the other 
hand, a fraction of the flow passes through the slot opening 
and weakens the downward flow upstream of the pier for the 
slotted pier cases (Fig. 6b).

The increase in flow velocity beneath the debris is not 
significant compared to the non-slotted piers and a relatively 
constant dimensionless scour depth is observed for all of the 
tests with slotted piers with different Ad/D2 values.

In contrast, Fig. 7 shows the dimensionless scouring 
depth versus the dimensionless debris area for the cases 
where the debris is near the channel bed. As shown in Fig. 7, 
the protective effect of the debris itself, which acts as a 
countermeasure against the impact of erosive flows, is more 
effective than the protective effect of the slot inside the pier. 
It should be noted that Ad/D2 = 0 in Figs. 6 and 7 represents 
the no-debris conditions.

Fig. 6   Variations of the dimensionless scour depth against dimensionless debris area for the tests with debris located near the water surface, non-
slotted pier: a Fr = 0.22, b Fr = 0.19, and c Fr = 0.17,and slotted pier: d Fr = 0.22, e Fr = 0.19, and f Fr = 0.17
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Variations of the percentage reduction in the maximum 
scour depth compared to the slotted pier without the pres-
ence of debris RS-ND are shown in Fig. 8. RS-ND is computed 
as:

where dS-ND denotes the maximum scour depth around the 
pier in the tests with slotted piers and no-debris conditions.

Debris types D1, D2, D3, and D4 located near the water 
surface increase the maximum scour depth up to 19%, 26%, 
83%, and 70% for the slotted pier, and up to 118%, 159%, 

(2)R
S−ND =

d
sm

− d
S−ND

d
S−ND

× 100,

150%, and 137% for the standard pier conditions, respec-
tively. The observed results are somewhat different when the 
debris is located near the bed. While for the non-slotted pier 
tests, the maximum scour depth increases up to 21%, 190%, 
and 48% for D1, D3, and D4 debris types located on the bed, 
it decreases up to 12% for the D2 debris. Also, for the slotted 
pier with debris located adjacent to the bed, the slot reduces 
the maximum scour depth for debris types D1, D2, and D4. 
However, dsm decreases up to 102% for D3 debris compared 
to the slotted pier without debris.

Figure 9 shows the dimensionless contour map of the 
bed scour and the effect of the slot, debris and the debris 
position on the scour hole for debris D2 and Fr3, for half of 

Fig. 7   Variations of the dimensionless scour depth against dimensionless debris area for the tests with debris located near the channel bed, non-
slotted pier: a Fr = 0.22, b Fr = 0.19, and c Fr = 0.17,and slotted pier: d Fr = 0.22, e Fr = 0.19, and f Fr = 0.17

Fig. 8   Variations of the maxi-
mum scour depth in the slotted 
or debris loaded piers compared 
to that of the slotted pier with-
out debris
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the channel. The scour hole spreads around the pier and the 
maximum scour depth upstream of the pier is 1.15D for the 
NS-ND-Fr3 test (Fig. 9a). The scour extends to a distance 
of about 3D downstream of the pier. After the addition of 
debris D2 under the water surface, i.e. in the NS-D2-Fr3 test, 
the scour expansion area upstream of the pier narrows and 
the upstream slope of the scour hole increases (Fig. 9b). The 
maximum scouring depth increases to 1.275D. After add-
ing the slot at the pier model (Fig. 9c), the maximum scour 
depth significantly reduces to 0.9D. The presence of a slot, 
in addition to reducing the scour depth compared to the no-
slot mode, also significantly reduces the slope of the scour 
hole. Changing the position of the debris from the water 
surface to near the bed surface has led to a general defor-
mation of the scour hole compared to other tests (Fig. 9d). 
Accordingly, the maximum scour depth reduces to 0.525D. 
Also, the development of scour holes is weakened upstream 
of the pier and stopped downstream, which can be due to the 
effect of debris on the flow structure and the weakening of 
the downflow and subsequently, the weakening of the horse-
shoe vortex and wake vortex downstream of the pier. This 
finding is in agreement with results obtained by Ebrahimi 
et al. (2018), Müller et al. (2001), Vijayasree et al. (2019).

Figure 10 shows the contour maps of the dimensionless 
scour depth for D3 and D4 debris types in two positions near 
the water surface and adjacent to the bed. The accumulation 
of debris near the bed leads to a reduction in the maximum 
scouring depth as well as a reduction in the scouring area 
around the pier. The combination of slot and debris reduces 
the erosion around the pier for the S-D4-Fr3-Bed test. It 
shrinks the main scour hole near the pier and a secondary 
scour hole forms relatively far downstream from the pier 
that will not have much impact on the stability of the bridge 
structure. It should be noted that the secondary scour hole 
downstream of the pier in the presence of debris installed at 
the initial bed elevation was not observed by Ebrahimi et al. 
(2018) for masonry bridges with piers with a large length 
to diameter ratio.

Table 2 shows a comparison of the results obtained in the 
present study with data available in the literature with par-
ticular reference to the effect of slot and debris on the changes 
of maximum scour depth. The studies used in this table are 
the closest in terms of piers, flows, and slots dimensions to 
the present study. Accordingly, Chiew (1992), Kumar et al. 
(1999), and Grimaldi et al. (2009b) reported a 9%, 19%, and 
30% reduction in the maximum scour depth, respectively, due 

Fig. 9   Contour plots of scour depth around the pier in different tests, a NS-ND-Fr3, b NS-D2-Fr3, c S-D2-Fr3, and d S-D2-Fr3-Bed
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to the slot in the pier. However, the results of the present study 
showed that although the slot in the pier alone leads to a 39% 
reduction in the maximum scour depth, the presence of debris 
can lead to a decrease or increase in the maximum scour depth 
compared to a standard pier without debris depending on the 
debris location. Accordingly, if the debris is located near the 
water surface,, the maximum scouring depth can be reduced 
up to 32% or increased up to 11%, depending on the shape of 
the accumulated materials. In contrast, if objects accumulate 
near the bed, the maximum scour depth may decrease up to 
55% or increase up to 23% depending on the shape of the 
accumulated material. The maximum percentage increase in 
the dsm was reported by Cantero-Chinchilla et al. (2018) for 
the debris loaded pier. It should be noted that different shapes 
and sizes of debris produce different scour depths. As a con-
sequnce, the results presented in the present paper are limited 
to the tested range of debris characteristics.

Conclusion

Many rivers normally carry materials such as leaves, 
branches, roots and tree trunks, a phenomenon natu-
rally observed with the decay of riparian vegetation. 

Fig. 10   Contour plots of scour depth around the pier in different tests, a S-D3-Fr3, b S-D3-Fr3-Bed, c S-D4-Fr3, and d S-D4-Fr3-Bed

Table 2   Effects of slot and debris on the variations of the maximum 
scour depth*

*NB: near the bed, NW: near the water surface, FD: full depth, NS: 
no-slot, ND: no debris,

Reference Slot location Debris Maximum change
in dsm (%)

Chiew (1992) NB ND  − 20
Chiew (1992) NW ND − 30
Kumar et al. (1999) FD ND − 30
Heidarpour (2002) NW ND − 18
Grimaldi et al. (2009b) FD ND − 30
Melville and Dongol 

(1992)
NS NW  + 49

Pagliara and Carnacina 
(2011)

NS NW  + 195

Pasokhi-Dargah et al. 
(2018)

NS NW  + 42

Ebrahimi et al. (2018) NS NW  + 33
Ebrahimi et al. (2018) NS NB − 12 to + 7
Cantero-Chinchilla et al. 

(2018)
NS NW  + 75

Present study FD ND − 39
Present study FD NW − 32 to + 11
Present study FD NB − 55 to + 23
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Accumulation of these materials in the vicinity of hydrau-
lic structures such as bridge piers can lead to problems in 
their proper operation. In this study, the effect of debris 
accumulated upstream of a slotted cylindrical bridge pier 
model was investigated experimentally. Four debris models 
were investigated under three different flow conditions. The 
results showed that, although the slot alone could reduce 
the maximum scour depth around the pier by up to 39%, the 
presence of debris could affect its performance. The maxi-
mum scouring depth around the pier decreased compared 
to the no-debris conditions for some shapes of debris and 
increased for others, indicating that the accumulation of 
floating objects can have a significant effect on the stability 
of the bridge structure. The position of debris accumulation 
also affects the performance of the slot and the geometry of 
the scour hole. In general, debris near the bed can lead to 
a reduction of scouring as a result of the sheltering effect. 
This sheltering can be different depending on the shape of 
the accumulation of the debris upstream of the pier. It can be 
concluded that the accumulation of debris upstream of the 
pier has an important effect on the performance of the slot in 
the protection of the pier against scour and it is necessary to 
be careful in rivers that carry large quantities of debris. Fur-
ther research with different flows, sediments, bridge piers, 
slots and debris conditions is needed to provide a general 
guide to slot operation in the presence of debris for use in 
hydraulic and structural bridge pier design.
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