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Abstract

The bridge abutment is one of the main parts of a bridge and significantly contributes to bridge stability. This study experimentally
investigated the effect of the unsteadiness characteristics of hydrographs on the scouring phenomenon around the bridge abutment
under clear water conditions. The ability of the permeable and impermeable spur dikes and their distances from the abutment at its
upstream on the control of scouring around the bridge abutment was also investigated. The experimental observations imply that the
effect of unsteady flow on the scouring process is relatively similar to the steady flow conditions. The results showed that the base
time of hydrographs, the type of spur dikes, and the distance of spur dikes from the bridge abutment were the dominant parameters
among the considered parameters in this study on the scouring process around the abutment. The results also revealed that the
impermeable spur dike was able to completely eliminate scouring around the bridge abutment for two distances of 2L and 3L (where

L is the abutment length) for both steady and unsteady flow conditions.
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1 Introduction

In many places around the world, rivers are the main
source of water for drinking in urban and rural sectors as
well as for use in agricultural and industrial zones. Rivers
also play a major role in receiving wastewater and efflu-
ent. Therefore, management and maintenance of rivers are
of particular significance to water authorities. Different
aspects of rivers such as water pollution, navigation, ero-
sion and sedimentation, river structures, bed and bank
protection, and etc., are of interest for researchers.

Bank degradation in rivers causes many problems such
as the destruction of river structures, damage of agri-
cultural lands, immigration of river bends, change of
river paths, and loss of land ownerships. Generally, most
changes in river banks occur in the vicinity of river struc-
tures due to the higher velocities of flow, changes of flow
velocity directions, and generated horseshoe and different
types of vortices. Bridges over rivers are the most common
river structures that may cause changes in natural river
hydraulic conditions. Bridge piers and abutments reduce
the width of the river and may damage the river bed and
bank by increasing flow velocity, generating vortices and
the separation phenomenon around them.

Hydraulic structures are generally designed based on
data collected for steady flow conditions with a maximum
discharge. However, this type of design usually overes-
timates the dimensions of structures that are needed to
withstand against scouring and degradation. In the last
decade, many researchers have focused on the local scour-
ing around the hydraulic structures for unsteady flow con-
ditions [1-3]. Floods as unsteady flows, which frequently
occur in rivers, are specified by hydrographs with differ-
ent shapes, peak discharges, and base times.

Bridges are extensively used for roads, rails, and pipe-
lines to cross over channels, streams, rivers, and narrow
estuaries. Most of the problems created during floods are
related to bridges, causing destruction of bridges, block-
age of river, or destruction of side walls of bridges [1].
There are a few references in the literature emphasiz-
ing the scouring phenomenon around bridge piers under
unsteady flow conditions [3].

The bridge abutment is usually built at the intersection
of the bridge and the riverbank, and is known as a sig-
nificant and essential part of the bridge for its stability.
Scouring around this structure may lead to destruction of
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the bridge and the river bank. After comprehensive studies
by Melville [4] and Ettema [5], the scouring mechanism
around the bridge pier was completely clarified, and it was
determined that after impacting the flow to the pier, its
velocity becomes zero and the pressure gradient increases.
In this situation, a downward current or down flow is cre-
ated; this current is combined with the flow in longitudinal
direction, and the horseshoe vortices are generated. The
separation phenomenon occurs behind the pier, and the
wake vortices are formed. These two types of vortices are
the main cause for scouring around the bridge piers [6].
Further studies by Kwan [7], Kandasamy [8], Dongol [9]
and other researchers imply that the scouring mechanism
around the bridge abutment is highly similar to the pier
scouring. The only difference is related to the wall bound-
ary layer, making the scouring phenomenon more com-
plex for abutments than for piers [10]. Furthermore, stud-
ies have shown that under similar conditions, the scouring
depth values for abutments are less than the correspond-
ing values for piers, which is because of the predominant
boundary layer produced by the channel wall [11]. Flow
and vortices around the bridge abutment are schematically
shown in Fig. 1.

Estimation of the maximum scour depth around the
abutment is a key parameter for design of this structure,
which is usually performed based on steady flow condi-
tions. Many studies [12—14] have been carried out for the
prediction of this parameter.

Different methods are usually applied for bridge abut-
ment and riverbank protection against local scouring and
finally destruction in river engineering projects. Riprap,
installation of a geotextile layer, and construction of a rein-
forced concrete layer and a protective retaining wall are
some of the direct methods for strengthening river banks

Fig. 1 A schematic figure from flow and vortices around the abutment
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around the bridge abutment. Indirect methods protect the
bridge abutment and the river bank from scouring and erod-
ing by changing the flow velocity algorithm and diverting
the flow toward the river centerline.

A spur dike is a type of hydraulic structure that is usu-
ally built perpendicular to the river wall in order to pro-
tect it, when the river wall is constructed with loose mate-
rials, or to prevent eroding of river banks along bends.
This structure is also built in the vicinity of other hydrau-
lic structures like bridge abutments to protect them from
local scouring and destruction. Spur dikes are usually used
in a group form, with the geometric dimensions like their
lengths, distances, and installation angles being dominant
contributing parameters to their performance efficiency.

Due to the similarity of the scouring mechanism at the
bridge abutment and the closed or non-permeable spur
dike, the combination of these two structures together cre-
ates a rotational flow pattern that leads to sedimentation
between them. Thus, by constructing a single spur dike
upstream of the bridge abutment, scouring is reduced or
eliminated, and sedimentation between them makes the
bridge abutment and the riverbank more stable. These
protective structures are very easy to construct and eco-
nomical, considering their remarkable performance in pro-
tecting other structures and riverbanks from destruction
Li et al. [15]. They studied the performance efficiency of
a single spur dike in protecting an abutment against scour-
ing using a series of experiments carried out in a rectangu-
lar flume with 30 m length, 1.2 m width, and 0.6 m depth.
They defined some long-time experiments for clear water
(U, <0.95U,., = bed shear velocity and critical bed shear
velocity, respectively) and live bed (U, > U,.). They com-
pared the final scouring around the abutment with and
without the spur dike and concluded that this structure per-
formed very well in protecting the abutment. Li et al. [15]
used two types of spur dikes, namely a solid plate as
a closed spur dike and riprap as a permeable spur dike.
They found that although the closed spur dike was able
to well protect the abutment, scouring at the nose of itself
may damage the structure, the abutment, and the river
bank. Stone or permeable spur dikes have advantages over
the closed or impermeable spur dikes, which makes them
preferable over others. In fact, downward flows as well as
horseshoe and wake vortices all together produce huge
scouring around the nose of impermeable spur dike, and
this phenomenon is the main cause for the destruction of
structure [16]. For this reason, the use of the impermeable
spur dike reduces its economic justification. Therefore,
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it appears that by increasing the spur dike permeability, the
amount of scouring is reduced around the structure, and
the structure stability increases [17, 18]. Permeable spur
dikes are highly suitable for deep rivers with high concen-
tration of suspended sediment due to its performance, low
construction cost, and consistency with the environment.
Another advantage of permeable spur dikes compared to
closed spur dikes is the reduction of water surface eleva-
tion of rivers during floods [19]. Surely, increasing per-
meability more than necessary reduces the spur dike effi-
ciency in controlling the river bank and other structures
against scouring [20]. There are many published studies in
the literature regarding the performance of permeable and
impermeable spur dikes in protecting river walls built with
loose materials, river banks along bends, and other major
downstream structures against scouring and destruction.
Almost all of these studies were carried out under steady
flow conditions [21, 22]. In recent decades, researchers
have focused on scouring around hydraulic structures for
unsteady flow conditions. Studies have shown that the
maximum scour hole dimensions under unsteady flow con-
ditions are generally less than the corresponding values for
steady flow conditions. Melville and Chiew [23] studied
the time scale of local scours at bridge piers and showed
that 50—-80% of the final maximum scour depth occurred
within the first 10% of the equilibrium time. This implies
that for a flood taking about 10% of the equilibrium time,
the maximum scour depth produced by the flood is less
(by 20-50%) than what occurs under steady conditions.
The amount of scouring and eroding under unsteady flow
conditions depends on not only sediment specifications
and channel geometry, but also flood or hydrograph char-
acteristics such as shape, time to peak, peak discharge, and
the whole base time. This is because the flow unsteadiness
affects other parameters like depth, velocity, and bed shear
stress [24]. In recent years, research on sediment transport
and flow algorithms under unsteady flows have increas-
ingly grown due to the similarity of this type of flow with
natural conditions in rivers [for example, 25-30].

As it was reviewed, no research has been so far con-
ducted on how to protect the bridge abutment from scour-
ing in unsteady flow conditions. This study aimed to exper-
imentally investigate the effect of a single spur dike with
different permeability installed upstream of an abutment to
protect it from scouring against hydrographs (i.e., unsteady
flow) with different characteristics and to compare the per-
formance of steady and unsteady flow conditions on the
abutment protection process.

2 Materials and methods

2.1 Experimental setup

Experiments were carried out in a water circulating rect-
angular flume with 10 m length, 74 cm width, and 60 cm
depth in the hydraulic laboratory of Shahid Chamran
University of Ahvaz, Iran. The walls and bed of the flume
were made of glass and steel, respectively. At upstream
and downstream of the flume, two tanks were installed
and the first one was equipped with a system to reduce
water turbulence; thus, the water flow entered into the
flume calmly. Discharge was continuously measured using
an electromagnetic flow meter with an accuracy of 0.25%
of the measured discharge (e.g., 50.0 + 0.125 L/s) and was
installed on the entrance pipe of the flume. Two meters of
the bed in the middle of the flume were made 20 cm deeper
in a box form and filled by sand with an average diameter
(dsy) of 0.7 mm, a specific gravity of 2.65, and a geometric
standard deviation (0, =/dgs / d|s, where d, and d, are
the diameters with 84% and 16% of particles being smaller
than them, respectively) of 1.35. The standard deviation
value (< 1.4) indicates that the sediment was uniform [31].
This box was far enough (about 3 m) from the entrance
gate of the flume and therefore, there was not any effect
of flow turbulence in this part (see Fig. 2). Many pre-tests
were performed to make sure that the length and depth of
this box are suitable for this study. Before starting each
experiment, the box was filled and levelled in the same
manner for all the experiments so that the initial condi-
tions of sediments were the same at the start of each exper-
iment. In order to prevent any creating bed form along
with the box and at upstream of the installed structures,
water entered into the flume very calmly and after reach-
ing the desired flow depth, the main flow either steady or
unsteady was started. A schematic figure from the flume
and its apparatus is shown in Fig. 2.

A rectangular piece made of Plexiglas with the dimen-
sions of 14.8 x 14.8 cm (length and width, respectively)
was used as the bridge abutment and installed perpendic-
ular to the flume wall in the middle part of the moveable
bed (sediment box). The abutment length was chosen 20%
of the channel width, i.e., 14.8 cm. This contraction ratio
is the maximum recommended value which is usually
applied for design of bridge abutments [32]. The abutment
was kept non-submerged for the whole hydrograph for all
the experiments.

For the experiments with a protective structure, a single
non-submerged spur dike was installed perpendicular to
the flume wall and at upstream of the abutment to protect



Khajavi et al. | 313
Period. Polytech. Civ. Eng., 66(1), pp. 310-322, 2022

i M T, (R

T | B, T, W T P P T "

Inlet Part of the Flume I

r 7 7

[ ]

7

Electro Pump

Hydrograph
Producer
E:.
f Computer
f System

Fig. 2 A schematic figure from the flume and its apparatus

it against local scouring. The permeability percentage (0%
and 50%) of the spur dike and its distance from the abut-
ment (2, 3, and 4 times of the spur dike length) were consid-
ered as the geometry variables of the protective structure.
The spur dike length was chosen equal to the abutment
length, i.e. 14.8 cm. The reason was that it is not economic
in real projects with larger values, and for the projects with
lower values, the effectiveness of the protective structure
may be decreased. The closed spur dike (i.e., 0% perme-
ability) was made using a small sheet of Plexiglas with
dimensions of 14.8 % 1.0 cm (length and thickness, respec-
tively). The permeable or open spur dike (i.e., 50% per-
meability) was provided using 19 narrow steel wires with
a diameter of 4 mm each and with equal distance from
each other (=4 mm), which were fixed between two nar-
row Plexiglas straps. Fig. 3 shows two photos from the
flume with the installed abutment and the impermeable
(Fig. 3(a)) and permeable (Fig. 3(b)) spur dikes. During the
experiments, water elevations were measured using a fab-
ric meter attached to the wall of flume far enough (1.2 m
i.e.,, 6 times of the maximum depth) at upstream of the
structures with an accuracy of 1 mm.

Before starting the main experiments, a relationship
between discharge and water elevation (Q—H) was pro-
duced with a correlation coefficient of 0.99 (H=0.4180°*",

\ Abutment

Non-Permeable Spur Dike

Fig. 3 Photos from the flume and the abutment with a) non-permeable

and b) permeable spur dikes

H and Q are in m and m’/s, respectively). This relationship
was obtained using the measured discharges (3—60 L/s)
and the corresponding water elevations and applying
regression analysis. This equation helped us to convert
these two parameters to each other for making sure of the
direct measurements during the experiments. It should be
mentioned that the sliding gate installed at the end of the
flume was fixed all the time and for all experiments.

A well-designed instrument was used to generate an
unsteady flow and was combined from two main parts,
hardware and software (see Fig. 2). The software part was
uploaded and set on a computer, enabling the user to design
any type of hydrographs. The hardware contained one elec-
tronic part matched with the software and one inverter
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which was able to control and change the pump engine
speed and rotation. According to the type of hydrographs
for any discharge at any time, the computer software sends
a pulse to the electronic part that transmits this command
to the inverter. Then, the inverter changes the pump engine
speed and discharge. The advantage of this system com-
pared to manual or traditional methods is that we were able
to generate a completely continuous unsteady flow.

The maximum scour depth was measured using the
fabric meters attached to the structures including abut-
ment and spur dike during the experiments and we were
able to record the bed changes with time. To prevent any
mistakes for measuring the maximum scour depth due
to the light refraction in water, we used a special camera
(Digital Borescope QO8 mm-3m Model) underwater and
the recorded films were transferred to the computer. The
recorded films were then transferred to the Free Video to
JPG Converter software package and were converted to
several pictures and the maximum scour depth was mea-
sured for any desired time using those pictures in the free
Graph Grabber software package. Bed topography at the
end of each experiment was also obtained using a bed pro-
filer equipped with a laser system and, with an accuracy of
0.1 mm. The laser of this instrument was able to automat-
ically move across the flume (y-direction) and to manu-
ally move in the x-direction. For any desired accuracy, this
device was able to be adjusted in the y-direction. Finally,
the collected data (x, y, and z values) were transferred to
the supporting computer in an Excel file. In the measuring
bed elevations, for the parts near the structures with high
fluctuating in bed elevations the mesh size was 1 cm in the
x-direction, but in the y-direction the instrument automat-
ically recorded 135 points in 60 cm with an average mesh
size of about 4.4 mm in this direction.

2.2 Research method and plan

The experiments were carried out under the both steady
and unsteady flow conditions. To ensure clear water con-
ditions, the maximum approach shear velocity (U,) was
kept under 95% of the critical shear velocity (U,.) for the
threshold movement of the uniform sediment. The peak
discharge of all the considered hydrographs was chosen
based on the clear water conditions (i.e., U, < U,.0.95);
56 L/s for the flow depth of 23 cm, and the corresponding
Froude number of 0.22. The shear velocity for the thresh-
old movement of the uniform sediment was directly spec-
ified using the laboratory observation. It was also double

checked using a procedure described by Chow [33]. The
base flow discharge or the minimum discharge of the
hydrographs was specified in a situation where the abut-
ment was installed in the flume and no movement of sedi-
ments around the structure was observed. This discharge
value was determined to be equal to 18 L/s, a flow depth of
17 cm, and a corresponding Froude number of 0.11.

The hydrograph base time (7,) and the hydrograph
skewness which is usually specified using the time to peak
(Tp, 1.e., the time of hydrograph start to its peak), were the
considered hydrograph variables in this study. The three
hydrograph base times were 15, 30, and 60 min and the
three skewness values (= 7,/T;) were 0.33, 0.5, and 0.66.
For the skewness value of 0.33, the slope of increasing dis-
charge is positive for the rising limb of the hydrographs
and negative for the recession or falling limb of the hydro-
graphs. However, this is reversed for the skewness value
of 0.66, and the symmetric hydrograph is known with the
skewness value of 0.5.

Therefore, in this research, nine hydrographs were pro-
duced and are shown in Fig. 4. In total, 54 experiments were
designed and implemented for the unsteady flow conditions.
To compare the steady and unsteady flow conditions in
terms of local scouring around the abutment and the pro-
tective structure (i.e., the spur dike), 18 experiments were
also carried out for the steady flow conditions. The dis-
charges for all experiments in steady flow conditions were
the peak value of the hydrographs, i.e. 56 L/s. The plan of
all the experiments in this study is summarized in Table 1.
To evaluate the performance of the spur dikes in protecting
the bridge abutment against scouring, 12 extra experiments
were also carried out without the protective structure for
the steady and unsteady flow conditions (see Table 1).

Before starting the main experiments, the sliding gate
at the end of the flume was adjusted so that for the peak
discharge of the hydrographs, the flow depth was equal to
23 cm. For each experiment, first, the bed was levelled, and
the flow depth was then adjusted equal to 17 cm by opening
the entrance valve very slowly. At this stage, the discharge
was minimum with 18 L/s. In the next step, in experiments
with the steady flow conditions, the flow rate was adjusted
for the desired discharge using the entrance valve and the
flow meter. For the unsteady experiments, the computer
system produced the pre-designed hydrographs. At the end
of each experiment after draining of water, bed topography
around the structures was measured using the aforemen-
tioned laser bed profiler.
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Fig. 4 Nine types of entrance hydrographs with different skewness,
a) left, b) symmetric, and c) right

3 Results and discussion

The laboratory observations showed that for all experi-
ments without a protective structure, the local scouring
started at the upstream corner of the abutment and the
scour hole was extended and became deeper very quickly.
During the experiment, sediment from the scour pit wall
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fell into the pit, and then, due to the presence of vortices
and turbulence, the sediment was transferred and accu-
mulated as a sediment dune downstream of the abutment.
During this time, the sediment dune moved toward down-
stream and the scour hole dimensions increased. In this
study, the total time of each experiment was not enough
to reach the equilibrium size of the scour hole. The max-
imum scour depth (d, in Fig. 5) for all the experiments
without spur dike occurred at the upstream nose of the
abutment. It seems that the main cause for this phenom-
enon was the starting point of separation of water from
the abutment body, and then, forming of horseshoes, wake
vortices, and turbulence. For experiments with the imper-
meable spur dike, as the protective structure, the scour
hole was transferred to the spur dike with the exact same
form. This trend of scouring and sedimentation around the
structure was almost the same for all the experiments.

3.1 Abutment scouring without spur dike

The longitudinal bed profiles at the end of three experi-
ments under the steady flow conditions and nine hydro-
graphs are shown in Figs. 5(a) to 5(c) for the base time of
15, 30, and 60 min, respectively. A photo is added to this
figure (Fig. 5(d)), showing the form of scouring around the
abutment. In these figures, L, S, and R refer to the hydro-
graph with skewness to the left (7,,/T, = 0.33), the sym-
metric hydrograph (7,,/T, = 0.50), and the hydrograph with
skewness to the right (7,,/T, = 0.66), respectively.

As itis observed from these figures, the maximum scour
depth occurred in the vicinity of the upstream corner of the
abutment and the washed sediments were left downstream
in the form of a sandy dune. Figs. 5(a) to 5(c) show that the
longitudinal bed profile at the end of experiments for each
of the three hydrographs with the same base time were
almost identical. This shows that skewness had not signifi-
cant effect on the final scour depth. Karimaee Tabarestani
and Zarrati [26] obtained the same result for a bridge pier.

Table 1 The plan of all experiments for the steady and unsteady flows

.. Protective ET or HBT' NG DA® —— 5
Conditions
Structure 5 30 60 0.33 0.50  0.66 2 3 4 0% 50%
Steady V v J V - - - Xl v J v J 18
- V J J - - _ . i i ) ) 3
Unsteady v v v v v v N v v v N N 54
- v v v \ N N . ] . ) ) 0
Total - _ ) ) ) o

1-Experiment Time (steady) and Hydrograph Base Time (unsteady) min; 2- Skewness Value of hydrographs (7,/T}); 3- Distance from Abutment
(=times of the abutment length); 4- Permeability of Spur dike; 5- Number of Experiments
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They mentioned that the bed changing trend with time
may be different for different skewness. However, they
reported that the final scour depth was independent of the
hydrograph skewness.

Comparison of the scour depth between the steady and
unsteady flow conditions showed that about 21% of the
maximum scour depth was reduced for the unsteady flow
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Fig. 6 (a) The (d,/L,) values of the abutment without spur dike for the steady and unsteady flow conditions for different base time (7,) and (b) the
reduced percentage of the maximum scour depth for the hydrographs compared to the steady flow conditions

conditions. Fig. 6 illustrates the ratio of the maximum scour
depth to the abutment length (d¢/L,) for those 12 experi-
ments. The amount of the reduced maximum scour depths
for the hydrographs compared to the steady flow condi-
tions with the similar base time is also shown in this figure.
Fig. 6 confirms that the skewness of the hydrographs had
not significant effect on the final maximum scour depth.
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Fig. 5 The longitudinal bed profile for the steady and unsteady flow conditions at different base time, a) 15 min, b) 30 min, and ¢) 60 min; d) a photo
of the scouring hole around the abutment

Type of hydrograph Time (min) |Reduced percentage (%)
15 21
L hydrograph 30 22
60 22
15 19
S hydrograph 30 23
60 21
15 18
R hydrograph 30 19
60 24
(b)



In average, the maximum scour depth increased by 20%
for the hydrograph base time of 60 min compared to its
base time of 15 min. For steady discharge, the difference
between the maximum scour depths for the maximum and
minimum times was about 30%.

The stress-time parameter refers to the difference
between the maximum scour depths for the steady and
unsteady conditions and/or for different flow times. The
bed shear stress is defined by 7 = yRS, where y, R, and S
are the specific weight, hydraulic radius, and slope of the
energy line, respectively. The slope of the energy line was
calculated using the Manning equation [33], with the esti-
mated Manning coefficient of 0.013.

It is obvious that the bed shear stress would be differ-
ent for each discharge and/or flow velocity. In this research,
the bed shear stresses were calculated as 0.20 N/m’ and
0.04 N/m’ for the maximum and minimum discharges,
respectively. The bed shear stress-time (z — f) parameter
expresses the amount of the inserted momentum along the
bed per unit area, and its amount may exacerbate the scour-
ing phenomenon. For the maximum discharge, this param-
eter was calculated as 720 and 180 N.s/m’ for the times 60
min and 15 min, respectively. The stress-time parameter is
constant and is at its highest value for the steady flow con-
dition; however, it varies for different discharges along each
hydrograph. This discussion shows that for each hydro-
graph the stress-time parameter is gradually increased to its
maximum value and it decreases along the recession part
of hydrograph. But this parameter is at maximum value for
steady flow conditions for all the experiment time, and this
is the reason of reduction of scouring around the structures
for unsteady in comparison with steady flow conditions.

3.2 Abutment Protection against scouring by spur dike

Although the experiment time was not enough for equilib-
rium conditions, the scour depths were considerable (see
Figs. 5 and 6); even for some cases, this value was mea-
sured to be more than the abutment length value. This phe-
nomenon may lead to destruction of the bridge abutment
and collapse of the bridge. In this study, a spur dike was
used at the upstream of the abutment to protect it from
scouring. Two types of spur dikes included an impermeable
spur dike with zero permeability and a permeable spur dike
with 50% permeability. Figs. 7(a) and 7(b) show the ratio
of the maximum scour depth to the abutment length (d(/L,)
at the upstream corner of the abutment for different hydro-
graphs and for the impermeable and permeable spur dikes,
respectively. In these figures, 2L, 3L, and 4L represent the

Khajavi et al. | 317

Period. Polytech. Civ. Eng., 66(1), pp. 310-322, 2022

1.00
0.80
0.60
S 040
Z 020
0.00
-0.20
-0.40
S B 8|8 £ £| 8§ = =2 =2 = 2
E E E|E E E| E = = = £ £
w = w =3 w =3 w) =3
- Lag} =l — (g} = - L2} =l - o o
Single X=2L X=3L X=4L
Abutment
L Hyd =mSHyd =R Hyd
(@
1.00
0.80
0.60
< 0.40
3
= 0.20
0.00
-0.20
g8 £ 85| & & £|]8 & £|/&8 & &
E £ E|E E E|E E E| E E E
) S | w S |lw © S| wn S
- @& DS | = ®& |- @& S| =~ & T
Single X=2L X=3L X=4L
Abutment

"L Hyd "mSHyd =R Hyd
(b

Fig. 7 The dy/L, values of the abutment for the unsteady flow conditions
with a) impermeable and b) permeable spur dikes

distance of the spur place to the abutment, and L is the abut-
ment length. Since d; is the maximum scour depth, the pos-
itive values of this parameter shows the levels lower than
the initial horizontal level. Therefore, for negative values
sedimentation has happened instead of scouring.

In Fig. 7(a), the negative values of the scour depths
show that sediments moved from the spur dike were accu-
mulated around the bridge abutment. In this condition,
the stability of the bridge abutment can increase, even
more than what was calculated and anticipated during the
design program of the bridge. Comparison of the perfor-
mances of the impermeable and permeable spur dikes in
protecting the abutment showed that the closed spur dike
was highly successful (see Table 2). As it is observed for
the non-permeable spur dike, for almost all the hydro-
graphs and the distances of the spur dikes from the abut-
ment, the sediment dune was formed around the abutment,
with the distance of 3L being more effective than the other
spur dike distances. The permeable spur dike was not
able to completely eliminate the scouring process around
the abutment. However, the calculation of the measured
scour depth at the upstream corner of the bridge abutment
with and without the permeable spur dike implies that, on
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average, this structure is able to decrease only about 40%
of scour depths. Table 2 illustrates the protection percent-
age of the bridge abutment against scouring by the imper-
meable and permeable spur dikes. The protection per-
centage is calculated using the following equation and is
illustrated in Table 2.
% PP = dSwithout _dSwith %100 (1)
Swithout

Where, %PP is the protection percentage, d,,,... and
ds,.., are the maximum scour depth without and with
spur dike, respectively. It should be noted that all d; (see
Fig. 5) values lower than the initial horizontal bed are
negative and the values upper than the initial bed (sedi-
mentation instead of scouring) are positive. As it is clear
from this table the impermeable spur dike was able to
completely eliminate the scouring around the abutment
(PP% = 100%). In this table for all cases with zero scour-
ing or sedimentation instead scouring the amount of pro-
tection percentage is shown with 100%.

The bed topography is shown in Figs. 8(a)-8(c) for
a single abutment, an abutment with the impermeable
spur dike, and an abutment with the permeable spur dike,
respectively. These figures were provided for the hydro-
graphs with the base time of 60 min and the distance
between the spur dike and the abutment of 3L (Figs. 8(b)
and 8(c)). Fig. 8(d) illustrates the bed topography for
a single abutment and a steady flow with the flow time
of 60 min. Comparison of Figs. 8(a) and 8(b) shows that
the scour hole was transferred to the protective structure,
i.e., the impermeable spur dike, and that the sediment dune
was moved toward upstream and around the bridge abut-
ment. Fig. 8(c) shows the performance of the permeable

Table 2 The protection percentage (%) of abutment against scouring by
spur dikes for different hydrographs and distances of the spur dike from
the bridge abutment

Impermeable Permeable
21:::; Type of Hydrograph Type of Hydrograph
LHyd SHyd RHyd LHyd SHyd RHyd

15 100 100 100 36 41 39

2L 30 100 100 100 33 29 30
60 100 100 100 39 39 36

15 99 100 100 34 35 37

3L 30 100 100 100 32 29 32
60 100 100 100 38 38 34

15 100 100 100 42 42 44

4L 30 98 99 100 46 45 44
60 81 84 84 51 48 49
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Fig. 8 The bed topography at the end of experiments for the symmetric
hydrographs with the base time of 60 min, a) a single abutment, b) an

abutment with the impermeable spur dike, ¢) an abutment with the

with the flow time of 60 min

permeable spur dike, d) a single abutment for steady flow conditions

spur dike in protecting the bridge abutment against local
scouring. This figure and Table 2 imply that the perme-
able spur dike was only able to partially control scouring
around the bridge abutment.



Fig. 9 shows the amount of the relative scouring depth
for the bridge abutment and the spur dike during a sym-
metric hydrograph with a peak of 56 L/s and a base time
of 60 min. In this figure, NPSD and PSD are abbreviations
for the non-permeable and permeable spur dikes, respec-
tively. This figure well describes the act of the spur dikes
in protecting the bridge abutment against local scouring.
It appears that the permeable spur dike works more bal-
anced compared to the impermeable spur dike in terms of
receiving protection and preventing scouring around it.
Li et al. [15] concluded similar results for the steady flow
conditions. Although NPSD was able to completely protect
the abutment against scouring, the maximum scour depth
at its nose was measured about 78% of the abutment length.

3.3 Temporal variations of the maximum scour depth
Time variations of the maximum scour depth (dy) mea-
sured at the upstream corner of the bridge abutment (see
Figs. 5 and 8) was also investigated for all experiments and
the results are shown in Fig. 10. In this figure the values
are drawn in respect to time for a symmetric hydrograph
with and without a protective structure as well as for a sin-
gle abutment in steady flow conditions with a constant dis-
charge of 56 L/s. In this figure, the hydrograph has been
also appended using the secondary y-axis. The positive val-
ues of the relative maximum scour depth show the points
under the initial horizontal bed, and negative values vice
versa (sedimentation occurred instead erosion). As can be
seen from this figure, the relative maximum scour depth
becomes almost constant after the hydrograph peak and
this is due to decrease of the bed shear stress after its max-
imum for the maximum discharge.

4 N
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1.000
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=
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-0.200
-0.400
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= Abutment = Spur Dike
- J

Fig. 9 The relative scouring depth for the bridge abutment and the spur
dike (conditions: S Hyd, 7, = 60 min, NPSD = Non-Permeable Spur
Dike, and PSD = Permeable Spur Dike)
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Fig. 10 shows that the slope of the curve (dy/L, = f(t/T}))
is high (convex arch form) for the steady flow conditions,
and this is because the discharge is constant and equal to
the maximum value in this study. Therefore, the bed shear
stress is at its maximum amount from the starting time
of the experiment. For the experiments under symmet-
ric hydrograph with or without protecting structures the
slope of the curve is quite different (concave arch form).
For the impermeable spur dike as the protective structure,
sedimentation occurred instead of erosion at the upstream
nose of the abutment.

Although bridge abutments and non-permeable spur
dikes have different duties in civil and river engineering,
but because of the same shape and structure, the local scour-
ing mechanism around them is the same. Accordingly, both
of them occupy a part of the river width and this causes to
change the flow pattern around them. If the scour depth at
the toe of the hydraulic structure is more than the pene-
tration depth of the structure in the riverbed, the structure
will collapse and this causes to destroy the river bank.

Therefore, the depth and volume of the local scouring
and factors affecting this process are highly significant.
One of the main factors affecting the maximum scour depth
and bed topography is the distance between the spur dike
and the bridge abutment. This distance should be such that
a small and complete but strong vortex is created between
the two structures. This vortex settles the washed sediments
coming from upstream between the both structures, and this

---@-- Steady - Single Abutment
1.2 1 --#--Unsteady - Single Abutment 1.2
---¢--- Unsteady - Single Abutment with NPSD
---A--- Unsteady - Single Abutment with PSD
—— Symmetric Hydrograph ._’___.._--0----0---'.""

ds/La

0 01 02 03 04 05 06 07 08 09 1
T/Tb
Fig. 10 Temporal variations of relative scour depth at the upstream
corner of abutment for different conditions and symmetric hydrograph
with base time of 60 min (NPSD: Non-Permeable Spur Dike, PSD:
Permeable Spur Dike)
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increases the stability of the river bank and the bridge abut-
ment. If the distance between the spur dike and the bridge
abutment increases more than an optimum value, two vor-
tices will be formed in opposite directions and thus they
neutralize each other's effects, as shown in Fig. 7(a) and
Table 2 (see the difference of the dimensionless scour depth
for 3L and 4L). If the distance is less than a certain and/or
an optimum value, an incomplete vortex will be formed and
the created whirlpool cannot settle the washed sediments.
According to Table 2, the optimum distance between the
non-permeable spur dike and the bridge abutment was two
to three times the length of the abutment (2L to 3L).

A question may be raised here about the stability of the
spur dike and the river bank. As it is clear from Fig. 8,
the scour hole was extended from the structure nose to
the river bank. The mentionable point is that a spur dike
is a lightweight structure that can be easily constructed
and repaired and its destruction may not cause any serious
problem for human life for the short-term. Furthermore,
it can be built at a depth of the riverbed clearly greater
than the maximum scour depth and also, there are no
dead and live loads on these structures. Destruction of the
bridge abutment may seriously affect human life by clos-
ing the bridge route for weeks, and even months, impos-
ing economic losses, and causing environmental dam-
ages. The existence of dead and live loads and inserting of
the tractive forces by vehicles make the bridge abutment
highly sensitive to any weaknesses and instabilities like
local scouring around its base.

Comparison of the performances of permeable and
impermeable spur dikes in protecting the bridge abutment
against local scouring showed the superiority of the closed
spur dike over the open spur dike. However, the stabil-
ity of the spur dike itself is a major and debatable issue.
This issue leads to use of permeable spur dikes instead
of non-permeable spur dikes in many river engineer-
ing projects. Moreover, permeable spur dikes are consis-
tent with the environment and are easily built at low cost
using cylindrical piles made of concrete or iron or bam-
boo stalks, and even wooden beams. Permeable spur dikes
are also highly suitable for deep areas of rivers [19, 21].
Resistance created by this structure against the flow is
much lower than that created by the impermeable spur
dike. Thus, the scouring area as well as its volume and
dimensions around the permeable spur dike are consid-
erably less than what usually occurs for the impermeable
spur dike for the same hydraulic conditions or during the
similar flood hydrographs (see Fig. 8). For example, the

d/L, value was about 0.78 at the nose of the impermeable
spur dike (Fig. 8(b)) whereas it was measured only about
0.2 for the permeable spur dike (Fig. 8(c)).

Another point that should be mentioned here, all param-
eters are in the dimensionless form and can be easily con-
verted to the prototype for the river engineering projects.

4 Conclusions

This study investigated the effect of closed and open
spur dikes on the scour control around the bridge abut-
ment under unsteady flow conditions. Nine hydrographs
with two unsteadiness characteristics, i.e., skewness and
base time, two types of spur dikes, and three distances
of the spur dike from the abutment, in total, 54 experi-
ments were designed and implemented for the unsteady
flow conditions. Another 30 experiments were also car-
ried out for the steady flow conditions and for the unsteady
flow conditions without protective structures. It was found
that the hydrograph skewness did not significantly affect
the final scour depth. However, by quadrupling the base
time of the hydrograph, only an amount of about 20% was
added to the scour depth. This result shows that most of
the sediments around the bridge abutment are washed
away during the first minutes of hydrograph crossing. The
impermeable spur dike was able to completely eliminate
the scouring around the bridge abutment, in special for the
distance of 2L and 3L. However, the stability of the imper-
meable spur dike and the river bank was a big problem
due to the transfer of the scour hole to the nose of the spur
dike. The permeable spur dike (50% permeability) was
able to only reduce the maximum scour depth around the
bridge abutment by an average of 40%, but it acted more
balanced in increasing the stability of the bridge abutment
and the river bank. The optimal distance between the spur
dike and the bridge abutment was found to be two to three
times of the abutment length for the unsteady flow condi-
tions. The results showed that, the open spur dike was able
to considerably protect the bridge abutment and the river
bank against scouring for the unsteady flow conditions.
Moreover, there is no serious risk for the local scouring
around the permeable spur dike and it can be constructed
easily and at low cost. As a result, it is recommended to
use this structure for protecting the bridge abutment.
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