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1. Introduction

ting processes in a straight channel. Combined physical and numerical models were used. Twenty-
seven (27) runs were conducted in which the geometry of scour and silting associated with model
groins was evaluated. Groin models were angled at 60°, 90°, and 120° to the downstream channel
side wall with contraction ratios of 0.10, 0.15 and 0.20. The main goals of this paper were to eval-
uate the effect of the three angles on the scour geometry on minimizing erosion adjacent to the
stream banks. Results were analyzed and were graphically presented and the percentages of errors
between the obtained results from the used models were reported to define the sufficient compati-
bility between the used models. Simple formulae were derived to evaluate the scour and silting
parameters.
© 2014 Production and hosting by Elsevier B.V. on behalf of Ain Shams University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

general, to be more beneficial to aquatic habitat resources than
other types of bank protection. The magnitude of the benefit to

Groins may be defined as a structure extending outward from
the bank of a stream for the purpose of deflecting the current
away from the bank to protect it from erosion. Groins have
also been used to enhance aquatic habitat by creating stable
pools in unstable streams, Klingeman et al. [1]. Groins cause
pools to be created and maintained, and have been found, in
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the habitat in a disturbed stream is related to the volume of
scour hole. Shields et al. [2] documented significant increases
in fish numbers, size, biomass, and number of species in an
incised stream following modification of groins to enlarge
scour hole sand increase the percentage of pools in the reach.
Designers of bank stabilization structures should, where
possible, select groin geometry which stabilizes the bank and
provides the largest scour volume subject to cost constraints.
The initiation of local scour is associated with the increase in
shear stress caused by the accelerating flow around the
obstruction. The volume of local scour in the vicinity of a spur
dike is difficult to estimate accurately, therefore, this research
was initiated with the objective of investigating the influence
of groin length, orientation angle and discharge on the charac-
teristics of local scour and silting with in order to determine
the optimum characteristics according to groin usage with
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Nomenclature
U longitudinal surface velocity (m/s) Wq silting width (m)
V transverse surface velocity (m/s) Lg silting length (m)
P mean pressure (kg/mz) Frayr.cont average Froude number at the contracted
Fy body force in X direction (kg m/s?) section (-)
Fy body force in Y direction (kg m/s?) 0 discharge (m?/s)
g gravity acceleration (m/s?)
dye maximum scour depth (m) Greek symbols
y depth of approaching flow (m) Ve kinematics eddy viscosity (kg/m s)
L groin length (m) p fluid density (kg/m®)
B channel width (m) Tk turbulent frictional stresses in X-direction (kg/m?)
dye scour depth (m) Try turbulent frictional stresses in Y-direction (kg/m?)
W scour width (m) 0 orientation angle (°)
L scour length (m) Og geometric standard deviation (-)
hg silting depth (m)

minimum side effects. The investigation phases are presented
in this paper under the following headlines.

e Reviewing the literature

e Executing experimental work

e Modeling the problem in hand

e Analyzing and presenting the results

e Deducing formulas to evaluate the scour and silting
parameters

2. Reviewing the literature

Many factors affecting the geometries of scour and silting
around groins (i.e. length, alignment, flow intensity, shape,
sediment size, and flow depth) are evident. Few studies have
been made which investigated the morphological bed changes
associated with oriented groins. Many researchers have studied
the hydraulics of groins. Studies to date have predominantly
investigated, local scour (Kuhnle et al. [3], Ohmoto and Hirak-
awa [4], Elawady et al. [5,6]), flow structure (Tominaga et al.
[7], Uittewaal and Berg [8]) and the mass exchange in the groin
fields (Uittewaal et al. [9]).

Abdelmageed [10] developed a relationship between the
maximum and minimum velocities before and after installing
oriented groin. Moreover, he reported that the maximum scour
length and depth occurred for groin with 20% of aspect ratio.
Ibrahim [11] used 2D flume model for measuring the velocity
distribution associated with spur dikes and scour holes to define
the influence of groin length and orientation angle. He indi-
cated that the groin length is directly proportional to velocity
at the groin field. Vaghefi et al. [12] investigated the geometry
of the scour hole and topography of the bed around a T-shaped
non-submerged spur dike located in a 90° bend. They devel-
oped a new equation for scour parameters at a T-shaped spur
dike. Jamieson et al. [13] performed a series of laboratory flume
experiments to study the effect of groins on flow field dynamics
and sediment erosion in a 135° mobile-bed channel bend. They
concluded that the outer bank region (particularly between
groins) may still be at risk of erosion. Jamieson et al. [14] stud-
ied experimentally the flow field and sediment dynamics in a
mobile-bed channel bend with and without the presence of

stream barbs (upstream-angled submerged groins). They found
that the vortices increased in the outer bank scour zone for all
runs with and without barbs. Huthoff et al. [15] proved that the
wing dike construction leads to water level lowering for in-bank
flows and to water level increases for outer-bank (flood) flows.
Ali and Uijttewaal [16] carried out experimental study to esti-
mate and parameterize the form drag due to vegetated groin
obstacle. They measured the energy head losses for a range of
discharges and downstream water levels covering submerged
and subcritical flow conditions. Uijttewaal [17] studied experi-
mentally the effects of groin layout on the flow near the groin
field For different types (i.e., standard reference groins, groins
with a head having a gentle slope and extending into the main
channel, permeable groins consisting of pile rows, and hybrid
groins consisting of a lowered impermeable groin with a pile
row on top). The study demonstrated that the turbulence prop-
erties near and downstream of the groin can be manipulated by
changing the permeability and slope of the groin head. He also
observed that for submerged conditions the flow becomes com-
plex and locally dominated by three-dimensional effects. Fang
et al. [18] used the large eddy simulation (LES) to investigate
the influence of groin parameters (i.e., head shape, aspect ratio
L/D, and length L) on the flow properties. They indicated that
the rectangular groin generates higher turbulence intensities
and larger vortices than a round-headed groin. Also, Eddies
are formed at the groin tips and transported downstream.
Sukhodolov et al. [19] studied the sediment distributions in a
groin field. They found the concentration of suspended partic-
ulate matter reduces with distance from the shear layer toward
the internal parts of the groin field. Maleki et al. [20] studied
numerically the three-dimensional simulation of flow and vor-
tex patterns around L-shaped impermeable groins at five differ-
ent angles. They found that the maximum and minimum
erosion are located at angles of 75° and 90° respectively. Nagh-
shine et al. [21] studied the effect of groin angle on controlling
the sediments entering the intake branching from a 180° bend.
They deduced that groin with angle 90 degree showed the best
potential for reducing sediment movement into division. Attia
et al. [22] used 2D hydrodynamic model to investigate the effect
of oblique spur dikes on the local study at Naga Hammadi Bar-
rage. The study found that, the scour depth and length were di-
rectly proportional to orientation angle.
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This research was thus initiated in order to investigate the
influence of groin length, orientation angle and discharge on
the characteristics of local scour and silting with the objectives
of determining the optimum characteristics according to groin
usage with minimum side effects. For this reason, a combina-
tion between experimental and two dimensional finite element
numerical models Molinas and Hafez [23] and Ibrahim [24]
was used.

3. Executing experimental work

All of the experiments were conducted in a flume located at the
Hydraulics Research Institute experimental hall of the Na-
tional Water Research Center, Egypt.

The flume channel is 40 m long, 0.4 m wide, 0.6 m deep, and
the side walls along the entire length of the flume were made of
glass with wood-frames. The horizontal bottom of the flume
was made of ceramics and wood. The flume is associated with
a steel wooden gate with an orifice with a rectangular shape,
also has movable downstream gate that is located at the end
of the flume. Centrifugal pump driven by induction motor to
re-circulated the flow from an underground reservoir to the
flume. The groin models were made of wood with a 0.6 m
height and with different lengths 4, 6, and 8 cm. Model groins
with three contraction ratios (10%, 15%, and 20%) and three
angles (60°, 90° and 120°) were used in this study. The angle of
the groin is defined as the angle between the downstream bank
and the long axis of the dike. The tested discharges were 10, 20,
and 30 1/s. A relatively uniform-sized sand covered 30 m of the
channel bed in all of the experiments. The bed sediment had a
median size of 0.58 mm and a geometric standard deviation
(65 = [(Dsa/D16)"’] of 1.37.

3.1. Model set-up and measurement techniques

The following procedure was used for each experimental run.
Before the experiment with the groin model in place, the sedi-
ment bed surface was leveled with a scraper blade mounted on
a carriage that rode on the steel rods. After the bed was com-
pletely wetted and drained, a profile of the bed surface was col-
lected with a mobile point gauge with an accuracy of
+0.1 mm. The flume was then filled with water to obtain the
desired depth. Before the pump was started an initial set of
transects of the anticipated scour region was collected. Next,
the pump was started and the discharge adjusted (ultrasonic
flow-meter with an accuracy of +1%). As soon as the flow
rate in the channel was stable, the running time of the test is
started. The experiments were all continued for at least 4 h.
This time length 4 h was used as a practical time for compar-
ison of the scour holes as the rate of change had decreased
markedly. After 4 h, the pump was switched off and the flume
is gradually drained. The bed topography was recorded using a
precise mobile point gauge. On this basis, the effects of the far
sidewall on the results of the experiments were assumed to be
unimportant.

4. Modeling the problem in hand

The governing differential equations for the developed numer-
ical model are in the Cartesian XY coordinates, along and
across the main flow directions. On the other hand, the Navier

Stokes equations are used to describe the motion. The fluid is
assumed to be incompressible and follows a Newtonian shear
stress law, whereby, viscous force is linearly related to the rate
of strain. In the model, the hydrodynamics governing relation-
ships are the equations of conservation of mass and momen-
tum. Conservation of mass equation takes the form of the
continuity equation while Newton’s equations of motion in
two dimensions express the conservation of momentum. The
continuity equation is given as follows:

ou ov
axtay=0 (1)

The momentum equation in the longitudinal (X) direction is
as follows
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The momentum equation in the lateral (Y) direction is as
follows
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The assumptions of the hydrodynamic model are as
follows:

e The density is constant (incompressible fluid);

e Flow conditions are constant;

e The turbulent viscosity varies with the velocity gradient;
e Surface is analyzed in a 2D;

e Free surface is a rigid lid;

e Pressure is hydrostatic; and

e Wind stresses are neglected.

It should be mentioned that complete details about numer-
ical solution of the model governing equations, the boundary
conditions, and the working flow chart were presented by Ibra-
him [24].

4.1. Model runs

Twenty-seven experimental runs with different groin models
are reported. The experiments were designed to vary the inde-
pendent variables of bed shear velocity, flow depth, groin
length, and groin angle. The run names were formulated as
the first number refers to discharge. However, 3 letters were
used S, A, and R for pointing to groin action on flow. The let-
ter S refers to the straight groin (90°), A refers to attracting
groin (60°), and the letter R refers to repelling groin (120°).
The subtitle number refers to groin contraction ratio. For
example 30A s means the discharge 30 /s, attracting groin of
60°, and 15% contraction ratio.

5. Analyzing and presenting the results

The results were emphasized on the influence of groin length,
orientation angle, and discharge on local bed morphological
changes. Fig. 1 shows preliminary description for location of
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scour and silting associated with groin location with respect to
flow direction.

5.1. Geometry of scour and silting

The volume of the scour holes increased with time in a similar
manner for all the experiments. The shape and extent of the
scour holes varied for the different angles of groins used in
the experimental runs. The volume of scour and silting could
not be quantified accurately due to the irregular geometry of
bed morphological changes in the groin field, and the lab facil-
ities, Fig. 12.

The maximum values for scour depths and silting heights,
widths and lengths were measured by the point gauge and or-
dinary scale then reported in Table 1.

The maximum scour hole was found at longest repelling
groin. However, the shortest attracting presents inconsiderable
bed changes.

(a) Straight Groin

Figure 1

(b) Repelling Groin

It is noticed that the used numerical model proved insuffi-
cient capability in predicting the values of width and length
in terms of scour and silting with high accuracy.

The measured values were obtained from the experimental
model; however the predicted ones were produced from the
used numerical model. Through the investigation a good com-
bination between the two used models was defined as the aver-
age percentage of errors (i.e. 6.447% and 6.748%) for scour
depth and silting height respectively.

Fig. 2 presents the relationship between the outputs of the
experimental and numerical models from the scour depth
and silting height point of view.

The experimental results were used for developing the fol-
lowing empirical formulae (using statics software program)
for the considered bed material.

die/y = —1.99 Fryucon- — 0.842(L/B) — 7.527 x 1070
+0.402 (4)

Scour hole

—_— — e —

(c) Attracting Groin

Types of groins according to action on flow.

Table 1 Geometry of scour and silting.
Run Scour Silting
name Measured Predicted Measured Measured Measured Predicted Measured Measured
depth (m) depth (m) width (m) length (m) height (m) height (m) width (m) length (m)
10S,o —0.045 —0.043 0.090 0.140 0.012 0.013 0.140 0.140
2080 —0.070 —0.065 0.160 0.250 0.035 0.032 0.190 0.450
30S0 —0.080 —0.082 0.185 0.310 0.040 0.041 0.220 0.600
10S;5s —0.038 —0.040 0.110 0.130 0.012 0.011 0.110 0.160
20S;5 —0.094 —0.090 0.199 0.232 0.058 0.060 0.261 0.326
30S;5 —0.095 —0.100 0.280 0.340 0.040 0.036 0.300 1.320
10S0 —0.029 —0.032 0.146 0.133 0.024 0.026 0.206 0.217
20850 —0.059 —0.062 0.279 0.332 0.060 0.062 0.344 0.496
30850 —0.109 —0.102 0.333 0.410 0.054 0.052 0.550 1.400
10A o —0.030 —0.031 0.085 0.145 0.013 0.014 0.100 0.140
20A0 —0.040 —0.042 0.135 0.190 0.032 0.033 0.130 0.235
30A 0 —0.060 —0.055 0.150 0.300 0.050 0.045 0.230 0.600
10A s —0.030 —0.029 0.130 0.170 0.017 0.019 0.145 0.170
20A,5 —0.047 —0.049 0.170 0.280 0.034 0.033 0.200 0.280
30A;s —0.075 —0.079 0.200 0.470 0.045 0.041 0.255 0.330
10A, —0.037 —0.042 0.136 0.187 0.034 0.035 0.142 0.195
20A50 —0.074 —0.080 0.237 0.468 0.085 0.090 0.237 0.445
30A5 —0.085 —0.082 0.300 0.600 0.077 0.079 0.380 1.180
10R o —0.060 —0.057 0.025 0.040 0.035 0.032 0.030 0.080
20R —0.048 —0.050 0.120 0.180 0.026 0.029 0.140 0.180
30R o —0.060 —0.055 0.145 0.210 0.032 0.033 0.180 0.360
10R ;5 —0.023 —0.026 0.075 0.090 0.010 0.009 0.080 0.120
20R;5 —0.057 —0.052 0.150 0.280 0.048 0.051 0.190 0.210
30R ;s —0.095 —0.100 0.210 0.450 0.037 0.034 0.250 0.900
10R5 —0.030 —0.033 0.120 0.160 0.020 0.019 0.150 0.140
20R» —0.060 —0.055 0.210 0.400 0.050 0.055 0.250 0.320
30R 0 —0.110 —0.120 0.250 0.480 0.045 0.042 0.400 0.850
Aver. —0.061 —0.061 0.171 0.273 0.055 0.053 0.215 0.439




Local bed morphological changes due to oriented groins in straight channels 337

0120 0100 -0.080  -0.060 -0.040  -0.020 0.000
T 0.000

<0.020

-0.040

-0.060

» -0.080
{)
/ -0.100

4 -0.120

d,. Predicted (m)
\

-0.140

d,. Measured (m)

0.105

0.090

'
0075 //
0.060
y

0.045 - 3 4

0.030

0015
&

0.000 T T T T
0.000 0.020 0.040 0.060 0.080 0.100

hg, Predicted (m)

hy Measured (m)

Figure 2 Comparison between measured and predicted scour depths and silting heights.
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Figure 3 Influence of groin length on scour depth and silting height.

The correlation factors (R?) = 0.776. The Standard Error of
Estimation (SEE) = 0.084.

We/y = 4.72 Frycom + 5.87(L/B) —2.26 x 1070
~0.971 (5)

The correlation factors (R?) = 0.823. The Standard Error of
Estimation (SEE) = 0.206.

Ly /y = 11.355 Fraurcont + 9-88(L/B) — 5.69 x 1070
— 2.646 (6)

The correlation factors (R?) = 0.893. The Standard Error of
Estimation (SEE) = 0.318.

ha/y = exp(55.394F 1y cone — 40.12(L/B) — 9.99 x 10726
~9.182) ()

The correlation factors (R?) = 0.851. The Standard Error of
Estimation (SEE) = 0.278.

Wa/y = exp(4.371Frarcon + 4.34(L/B) — 2.85 x 10740
—1.69) (8)

The correlation factors (R?) = 0.835. The Standard Error of
Estimation (SEE) = 0.233.

Ly/y = exp(10.481Fryyrcon + 3.52(L/B) — 7.61 x 10740
—2381) (9)

The correlation factors (R*) = 0.71. The Standard Error of
Estimation (SEE) = 1.574.

It should be mentioned that the velocity profiles and values
at different cross-sections are found at Ibrahim [11].

5.1.1. Influence of groin length on geometry of scour and silting
Figs. 3-5 illustrate the relationship between the groin length
and the geometry of scour and silting. The figures were plotted
under a fixed maximum discharge and straight groin (i.e.
Q = 301/s, and 0 = 90°). The figures illustrated that the local
geometry of scour and silting was directly proportional to the
groin length. That agreed with what obtained by Fang et al.
[18] and Attia et al. [22].

Moreover, for fixed groin length the scour depth is found to
be approximately twice times the silting height. Consequently,
a special attention should be provided during the design pro-
cesses of groin footings to be protected from the risk of failure
by scour action. The short groin showed no considerable dif-
ferences in scour and silting widths. However, the silting width
was 65% greater than scour width in case of long groin. The
influence of groin length on scour length was limited in com-
parison with silting length.

5.1.2. Influence of groin orientation angle on geometry of scour
and silting
Figs. 6-8 illustrate the influence of groin alignment on the
geometry of scour and silting. The figures were plotted under
fixed maximum discharge and longest groin length (i.e.,
Q0 =301/sand L = 8cm)

The figures show that for the repelling groin, the maximum
scour depth and minimum silting height were located. On the
contrary, the attracting groin produced minimum scour depth



338 M.M. Ibrahim
0.60
2 _ os0 M“(/
= y= . ot
= g 0.40 y-=0.003 ZZn_nao 0.57
2 £ 030 Ri=1 —
22 020 =0.014
32 y=0. x+0.044
§ 0.10 R¥=0.973
0.00 t t t 1
5 10 15 20 25
Contraction Ratio%
= Scour Width (m)  =——=Silting Width (m)
Figure 4 Influence of groin length on scour and silting widths.
2.00
&
£ F 150 V3 -0.012)(2: 0.464x:.2.76
wv :: RZ=1
T c
c £ 1.00
o =0.01x+0.203
28 0s0 = M
3 : R2-=6:949
wv
0.00 ———— 4
5 10 15 20 25
Contraction Ratio%
——ScourlLength (m) —Silting Length (m)
Figure 5 Influence of groin length on scour and silting lengths.
g 008 —_— Y= BE06X2-0.001x + 0.165
£ oo — R
@ _ 003
2E o000
cz
-g.go-o.oa----:'
g g 0063 60 90 120 150
= 0.09 — y.= 1E-05x2-0.002x +.0.032
3 N '\ S 2 -
g 012 Riz1
wv
-0.15
Orientation Angle (degree)
= Scour Depth (m)  =—Silting Height (m) |
Figure 6 Influence of orientation angle on scour depth and silting height.
oo 0.60 y=-0.000Z2X*+ UU525X-U.5200
§ — 050 R2=.1
5 E
- o 0.40
Ss
£ 3 o030
33
§ 0.20 y-=-6E-05 zzn_nu\
0.00 b——uo s B : i
30 60 90 120 150
Orientation Angle (degree)
——ScourWidth (m)  =——=Silting Width (m)
Figure 7 Influence of orientation angle on scour and silting widths.

and maximum silting height. Consequently, it is concluded
that the orientation angle was directly proportional to scour
depth and inversely proportional silting height. Also, for the
same angle it is noticed that the effect of orientation angle
on scour depth is higher than silting height.

The maximum scour and silting widths were found at right
angled groin. Moreover, the repelling groin showed scour
width shorter than the attracting groin. Also, except the
right angled groin, the angle influence on silting width is
vanished.
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Discussing scour and silting lengths, it is noticed that the
right angled groin presented the maximum silting the mini-
mum scour lengths. However, the repelling groin gave shorter
scour and silting lengths than the attracting.

5.1.3. Influence of discharge on geometry of scour and silting

Figs. 9-11 present the discharge influence on the geometry of
scour and silting. The figures were plotted under fixed right
angled groin and maximum groin length (i.e. 6 = 90°, and

L = 8cm). The figures illustrate that, for the considered
discharges, the geometry of scour and silting was directly
proportional to the discharge. Also, it is noticed that gap in
values between scour and silting increases as the discharge
increase.

Fig. 12 presents photos for some tests carefully selected to
present the influence of orientation angle on the geometry of
local scour resulted in groin existence. The photos are for
30S59, 30A,0, and 30R,, respectively.
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Figure 12 Geometry of local scour and silting for 30S,4, 30A,, and 30Ry.

6. Conclusions

The experimental and numerical study of the influence of groin
length, orientation angle, and discharge on the geometry of lo-
cal maximum scour and silting associated to groin installation,
led to the following conclusions:

e The groin length showed a significant influence on forma-
tion the geometry of bed topography in groin field; however
the orientation angle and discharge showed less influence.

e The scour and silting parameters were directly proportional
to the groin length and the discharge.

e The orientation angle was directly proportional to scour
depth, and inversely proportional to silting height.

e Installing groin at right angles gave maximum scour width
and minimum scour length.

e Installing groin at right angles gave maximum silting width,
and length.

e Installing long, right angled groin can be used for naviga-
tional purposes as the maximum scour depth was found.

e Short attracting or repelling groins can be used for the pur-
poses of bank protection for distances depending on groin
length.

For a further evaluation of possible groin designs and their
influence on bed morphology, more aspects to be considered
with orientation angles like groin permeability, width, submer-
gence, and layout.
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