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Dams and Water Resources Weirs are hydraulic obstructions constructed across an open-channel flow causing a
Engineering Department, rise in water which is useful to convert water to the channels upstream as well as using
University of Mosul, Mosul, Iraq these structures as a measuring device. There are different types, and a sharp-crested

weir is one of them. Local scour downstream hydraulic structures are one of the most
critical problems affecting their safety and stability. Many studies conducted to prevent
these facilities from collapsing, but the effect of adding a solid apron downstream weir
still need deep studies. The current study included a survey of scour reduction down-
stream sharp-crested weir using a solid apron consisting of three different lengths,
four different discharges, and sand bed material to calculate the maximum depth and
length of scour hole when using an apron solid. The results proved that the depth

and length of the scour hole are reduced to 19.3% and 27.7%, respectively, when an
apron solid is used. Two empirical equations were found to determine the maximum
depth and length of the hole with a coefficient of determination are 0.892 and 0.804,
respectively.
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Introduction

The aim of building dams across the river is not only for storage but also to control the
water level in the river and raise its level. The water falling from the top of the dams may
cause these dams to fail and collapse due to scour; to avoid this problem, many studies
have been conducted that work to reduce scour behind these facilities. Hamidifar et al.
[1] studied scour downstream channels using an apron solid with a length of 1 m con-
sisting of two rough and smooth surfaces for comparison, using five different sizes of
coarse protrusions Ks and five different sizes of bed materials. The results showed that
the greater the roughness of the apron, the more energy dissipated increases, and thus,
the scour decreases as the resistance to flow increases due to the roughness. A lot of flow
energy is dissipated compared to if a smooth apron solid is used. Alwan et al. [2] studied
local scour formed by the V-notch using four different models of apron solid made of
wood with four different angles for each model: 0°, 2.73°, 5.19°, and 7.43°. Design pump
discharge of 40 1/s and a sluice gate were placed at the end of the channel to regulate the
depth of the tailwater. The findings show that the dimensions of the borehole in the solid
of the straight apron are more relevant than the inclined floors, and the depth of the

scour downstream apron solid expands with the slope of the bed. Kumar and Ahmad [3]
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conducted a laboratory study of scour downstream piano key weir type A, which con-
sists of three cycles. Using two different discharges and different depths of the tailwater,
the experiments were conducted using an apron with a length of 20 cm and without
an apron solid. They conclude that the dimensions of the scour hole are reduced when
using an apron solid under dams compared to if an apron solid was not used. The scour
depth reaches 80% of the height of the weir in the absence of an apron solid. Elnikhely
and Fathy [4] studied scour downstream of a triangular labyrinth weir using an artificial
channel for five different discharges ranging from 3 to 10 1/s at four different angles of
the weirs: 45°, 60°, 75°, and 90°. The length of the apron solid is 1.2 m made from granite
material to avoid soil deformation under the influence of water. The results show that
the best angle for triangular labyrinth weirs, which gives the least scour downstream of
the weir, is 60°. This angle also provides the most significant energy loss compared to the
linear weir. The stilling basins of the short type dissipate the flow energy insufficiently,
which causes the river bottom to deviate. Rumann et al. [5] assessed the impact of the
projected fortifications’ energy loss on the development of scours in the Hricov weir’s
downstream riverbed. At the hydraulic laboratory, a three-dimensional physical model
was created using Froude’s mechanical similarity criteria. For flood flow scenarios, simu-
lations of both the weir’s symmetric and asymmetric operations were performed. This
technique provided a quick, dependable, and accurate way to examine riverbed defor-
mations on physical models. The suggested fortification greatly reduced the scouring in
the riverbed allowing symmetric operation even during flood flow, according to simula-
tions and later observations. The size of the scours has shrunk by 50% from the state it
was in before. Obaida [6] studied reducing the scour downstream piano key weir type
C by using two distances for the apron solid with a length of 90 and 120 cm. The results
of the study showed that the apron solid with a length of 120 cm works to reduce the
scour compared to an apron solid with a length of 90 cm. Lantz et al. [7] conducted a
laboratory study on reducing the dimensions of scour hole of the resulting piano key
weir using three different lengths of apron solid and cutoff. Also, two experiments were
conducted without using an apron solid and a partition wall for comparison using bed
materials consisting of regular gravel. The study’s results proved that using an apron
solid with a length of 1 P, 1.5 P, and 2 P from the depth of weir, P reduces the dimensions
of scour hole by 61%, 75%, and 83%, respectively. The scour depth also decreases by 8%
when the length of the apron solid is increased from 1.5 P to 2 P from the height of the
weir. In terms of economics and cost, the size of the protective floor 1.5 P proved highly
efficient in reducing the piano key weir scour. Kumar and Ahmad [8] studied the scour
downstream piano key weir, which consists of three cycles with and without apron solid
under free and submerged flow conditions and for different tail water depths and dis-
charges. Three distances were used for the apron solid. The results of the study showed
that the use of an apron solid reduces the depth of scour by 60—-80%.

This study aimed to reduce scour downstream of hydraulic structures which caused
many dangerous failures in these structures using a water jet falling on a concrete
apron instead of a movable bed as well as choosing the best length which causes mini-
mum protection work required downstream hydraulic structures using three different

downstream distances.



Obaida et al. Journal of Engineering and Applied Science (2023) 70:23 Page 3 of 11

v D
Fig. 1 Definition parameter of weir and channel

Dimensional analysis

The parameters that affected the flow over the sharp-crested weir are D, and L,=peak
height and distance of the scour hole L; Q=discharge L?/T; H=head of water above the
sharp-crested weir L; W=width of the channel L; L, =length of apron solid L; Y,=tailwa-
ter depth L; g=gravitational acceleration L/T% P=weir depth L; Dyy=medium grain size
diameter of the soil L; u = dynamic viscosity of water M/L.T; p = density of water M/L%;
and p; = density of the sediment M/L?. Given the importance of knowing the effect of using
three different lengths for the apron solid in maintaining the safety of hydraulic structures
from collapse, the most important factors affecting the size of the borehole were identified
under the same parameters of the study (Fig. 1). Then, the following equation can be writ-

ten as follows:

DS = fl,l (Q’H;Lbr Yt’g,P1D50r M, P, ,OS) (1.1)

LS = f1,2 (Q:H:Lb’ Yt,g,P,DSO,M, ,01105) (1.2)

Since the width of channel W, medium grain size diameter D, is located at the bottom of
the channel and ps, p is a constant value, and then their effect can be canceled. The labora-
tory temperature was also imposed at 15 °C, a constant value. Therefore, the viscosity y will
also have a fixed value in open channels; the value of Reynolds number Re is significant,
so the fluid behaves according to the theory of non-viscosity; as the flow reaches complete
turbulence, then it can neglected its effect [9]. During the experiments, Egs. (1.1) and (1.2)

become as follows:

D =f2,1(Q:Hth’ Yt’g) (2.1)

L =f2,2(Q’HrLb’ Yt»g) (2.2)

“Buckingham 1t theorem” can be applied to Egs. (2.1) and (2.2), and then, this equation

can be written as follows:

D, L, H
- = Fri,i B
Y, f(' Y, n) ®.1)

Ls =f<Fr, Ly H) (3.3)
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where:

Fr: Froude number.
V: Velocity of flow L/T.

Experimental setup
Laboratory channel
The experiments were conducted in a concrete channel of 25 m in length, 0.81 m
in width, and 0.76 m in height at the hydraulic laboratory of the University of Mosul
(Fig. 2). A point gauge with an accuracy of 0.1 mm was used to measure water levels.
The water is pumped from a ground tank below the laboratory floor with a closed flow
system with a maximum discharge of 60 1/s [10]. A weir was installed at the end of the
channel to measure the discharge of the channel using the height-discharge calculation,
volumetric method (measuring volume of water — constant volume — at a certain time).
A sharp-crested weir was made of glass plastic, 4 cm thick, 81 cm wide, and 25 cm
highest, according to British specifications [11] (Fig. 2).
The weir is installed at a distance of 1175 cm from upstream. The apron solid is fixed
downstream of the weir with a distance of 50, 100, and 150 cm.

Bed material used in laboratory experiments

The sand is use as a material for the sedimentary bed to measure the depth and length
of the scour hole downstream of the apron solid for the sharp-crested weir. A uniform
sample is taken of sand passing through the sieve with an average opening diameter
of 2 mm and the remainder on the sieve with an average aperture diameter of 0.5 mm.
After conducting the sieve analysis, the medium grain size diameter of the sand D, was
used equal to 0.5 mm, and the standard deviation ¢ equal to 1.3. Sand is considered uni-
form if it is 0< 1.4 [12]. The study area of 4 m is spread with sand of 20 cm thickness as
the bed material of the channel used in the experiments downstream of the apron solid

for the weir.

The mechanism of conducting laboratory experiments
A sharp-crested weir was installed at the bottom of the concrete channel with differ-
ent distances above the floor of the concrete channels 50, 100, and 150 cm, considered

- 25m
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Fig. 2 Details of the channel laboratory
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an apron solid. A layer of sand was placed at the bottom of the channel with a length of
4 m and a thickness of 20 cm. The surface of the sand was leveled with the surface of the
solid apron. Two-point gauges were used; the first zeroed at the crested weir to measure
the head of water after reaching a steady flow state. The second one moved on a rail and
zeroed on the surface of the sand and channel bed used to measure the scour hole depth
and length and the tailwater depth downstream the sharp-crested weir. The scour hole
dimensions were taken after a certain period, approximately 3 h from the start of the
operation, to make sure that the scour process stopped and the movement of the grain
material stopped; the dimensions of the scour hole were measured downstream the weir
after making sure that the water which passes over the sand layer was drained, as the
point gauge was moved every 5 cm for the entire width and length of the study area,
according to the preliminary experiments that were conducted for a week, and previous
studies used the distance of the same grid [13]. After completing the readings, the bed
materials were mixed well and then refurnished and leveled again, and the rest of the
discharge was used for the exact first distance of the apron solid, and the discharge was
reused for the second and third distances of the apron solid.

Results and discussion

The effect of nondimensional variables on the maximum depth and length of the scour
hole was studied when changing the size of the apron solid by using the theory of dimen-
sional analysis. The statistical program SPSS 21 was used to find empirical equations of
the depth and length of scour hole in terms of the influencing factors [14]. The 3D model
of the sedimentary bed was drawn using the program Surfer-13 to show the scour areas

downstream weir.

Froude number (Fr) effect

Froude number Fr is an essential factor influencing the scour hole’s characteristics
(scour depth and downstream of a fixed bed) such as scour around a pier [15-17]. The
results showed that there is a direct relationship between the relative depth and length of
scour hole to the height of tailwater Ds/Yt and Ls/Yt with Froude number Fr. When the
Fr increased, the dimension of scour hole increases (Table 1 and Figs. 3 and 4).

From the figures, it can be seen that when the apron solid length is 50 cm, the depth
and length of scour hole increase compared with the lengths of 100 and 150 cm; because
the flow is more turbulent when it reaches the sand layer, the long distance assists to
reduce turbulence and calming the flow [3] and [13]. The dimension of the scours hole
increases at the apron solid 150 cm compared to 100 cm because of forming vortices
downstream structures, and these vortices increase when the approach apron increases

and leads to increase scour dimensions.

Effect length of apron solid (Lb)

A hydraulic apron solid was used to reduce the dimensions of scour hole; the results
showed that increasing the length of the apron solid by 50 to 100 cm reduces the flow
energy before reaching the study area for the same discharge. The study’s results showed
that the highest percentage decrease in the depth and length of scour hole was 19.3%
and 27.7%, respectively, at the discharge of 25 1/s because the area on which the water
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Table 1 The laboratory measurements as well as scour hole depth and length calculation of a

sharp-crested weir at apron solid lengths 50, 100, and 150 cm for weir heights 25 cm

H (cm) Y, (cm) L, (cm) D, (cm) L, (cm) DY, L/Y, H/Y, LY, Q(l/s) Fr
4.5 42 50 10.20 70 243 120 1.07 16.67 10 045
6.3 50 50 12.60 95 2.52 10.0 1.26 19.00 15 0.52
7.0 5.6 50 14.28 120 2.55 9.0 1.25 2143 20 0.60
8.5 6.0 50 15.84 155 2.64 8.3 141 25.83 25 0.67
4.5 4.2 100 6.00 40 143 238 1.07 9.52 10 045
6.3 50 100 846 75 1.68 20.0 1.26 13.40 15 0.52
7.0 56 100 10.22 85 1.82 17.8 1.25 15.17 20 0.60
8.5 6.0 100 12.78 112 2.13 16.6 141 18.67 25 0.67
4.5 4.2 150 7.20 48 1.70 35.7 1.07 1143 10 045
6.3 50 150 10.00 80 2.00 30.0 1.26 16.00 15 0.52
7.0 56 150 12.40 105 1.85 26.8 1.25 18.75 20 0.60
85 6.0 150 13.80 125 2.30 250 1.41 20.83 25 0.67
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Fig. 3 Relationship between scour hole depth to tail water Dy/Y; and fr at apron solid
30 ®Lb=50cm
ELb=100 cm
25 Lb=150 cm .
20 ¢
-
< . 0
e .
15 ]
|
10 m
5
0.4 0.5 0.6 0.7
Fr

Fig. 4 Relationship between scour hole length to tail water depth LY, and Fr at apron solid
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Fig. 5 3D model of bed channel downstream sharp-crested weir at apron solid 50-cm length, 25-cm weir
height, and discharge 25 I/s

falls above the edge of the weir represents an area of disturbance and dispersal of the
flow before its arrival. In the study area, when using a 50-cm-long protection floor, and
due to the short distance, the flow is more turbulent when it reaches the sand layer than
when the protection floor is 100 cm long due to the effect of the distance in reducing
turbulence and calming flow [3].

Changing the scour geometries along the study area

The change in the scour geometries of the study area is one of the essential points in
study scour and sedimentation downstream the weir to show the effect of using differ-
ent lengths of the apron solid in the form of the scour and its extension downstream
the weir, through laboratory measurements of the topography of the sedimentary bot-
tom of the study area after the end of the experiment run time and the stability of scour
and sedimentation, which is variable longitudinal and transverse [15]. A 3D model of
the sedimentary bed was drawn using the Surfer-13 program to show the change in the
shape of scour and sedimentation that occurred downstream the weir when the length
of the apron solid was increased and used maximum discharges (Figs. 5, 6 and 7).

Figure 5 represents a 3D model of the bed channel downstream sharp-crested weir
of the experiments at apron solid with 50-cm length, 25-cm weir height, and dis-
charge 25 1/s. This figure showed that the maximum scour occurred downstream the
weir when using an apron solid of length 50 cm. This is due to the turbulence occur-
ring downstream the weir due to the short distance of the flow of water, which moves
toward the study area in the form of vortices of water that work with the force of its
movement to transfer sand particles to a distant place.

Figure 6 represents a 3D model of a bed channel downstream sharp-crested weir
of the experiments at apron solid with 100-cm length and 25 cm, weir height dis-
charge of 25 1/s. This figure shows that when the length of the apron solid is increased
to 100 cm, the depth and length of scouring decrease compared to the apron solid
50 cm because increasing the apron solid length reduces the energy of the flow that
falls from above the crest of the weir before it reaches the study area as a result of the
increase in the length of the distance through which the flow passes [6].
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Fig. 6 3D model of bed channel downstream sharp-crested weir at apron solid 100-cm length, 25-cm weir
height, and discharge 25 I/s

Fig. 7 3D model of bed channel downstream sharp-crested weir at apron solid 150-cm length, 25-cm weir
height, and discharge 25 I/s

Figure 7 represents the 3D model of the bed channel downstream sharp-crested
weir of the experiments at apron solid with 150-cm length, 25-cm weir height, and
discharge 25 1/s. This figure shows that when using an apron solid of length 150 cm,
the dimensions of scour hole increase compared to an apron solid with a length of
100 cm because of vortices forming downstream weir, and these vortices increased
when the solid apron increased. This vortex caused increase in scour dimensions and
then increased the depth and length of scour hole.

Relationship for calculating the maximum depth and length of scour concerning tailwater
downstream the weir (Ds/Yt, Ls/Yt)

It was reached to find two relationships to calculate the maximum depth and length
of the relative scour hole D,/Y,, L /Y, by entering the data values, including the ratio
between the depth and length of the scour hole to tailwater downstream the weir
DY, L /Y, and the values of the nondimensional variables which were obtained by
applying the values of laboratory measurements in Eq. (3) which is

D;fs = (Fr, LYZZ, %) In the statistical program SPSS-21, which was arriving at a posi-

tional equation in terms of the approved variables, Eq. (5) is as follows:
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H 0.601
Ds _ 380 () (5)
ye 7 0.1 ( L\ %282
(Fr) (ﬁ)

After several attempts for other formulas similar to Eq. (5), the statistical analysis
results proved an excellent effect of the variables adopted in this equation on the value of
the coefficient of determination by (R?=0.892). The equation shows that the two expres-
sions (5) (Fr) and H/yt have a good effect on the dependent variable D./Y..

It was reached to find the weir position in the statistical program SPSS Statistics 21. A
positional equation in terms of variables was approximated, which is Eq. (6).

0.561

Ls (F r)0'749(%)
=473, ———— (6)

Yt 15025
Yt

The statistical analysis results also showed a good effect of the dependent variables in
Eq. (6) on the value of the coefficient of determination by R?=0.804.

From the observation of the two equations (Egs. 5 and 6), the ratio of the depth of the
water above the edge of the weir to the depth of the tailwater H/Yt has a strong effect
compared to the rest of the variables, which is more than it is in Eq. (5). Also, the impact
of Froude number Fr is strong in Eq. (6) than it is in Eq. (5).

Figures 8 and 9 represent the comparison between experiments data and that cal-
culated using Eqs. 5 and 6 of hole bore depth and length to tailwater (Ds/Yt and Ls/Yt
observed and calculated respectively). From the figures, it can be seen a good agreement
between observed and calculated data with a percentage error that does not exceed 10%.

Conclusions

The scour was studied downstream sharp-crested, with a height of 25 cm, using three
different distances of the solid apron 50, 100, and 150 cm. Uniform sand was used with
a medium grain diameter of 0.5 mm and a standard deviation of ¢ equal to 1.3. It was

3
o 25
(O]
=
2 Y e
o 2 o© 1)
9 (6] °
=
@ 15 ©
o)

1

1 1.5 2 2.5 3

Ds/Yt calculated

Fig. 8 Relationship between observed and calculated values of Ds/Yt from Eq. 5
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Fig. 9 Relationship between observed and calculated values of Ls/Yt from Eq. 6

found that the apron solid with a length of 50 cm causes greater scour as a result of the
shorter running distance and the occurrence of turbulence and eddies close to the study
area that cause scour. The depth and length of scour hole decrease when using an apron
solid with a length of 100 cm in proportion to 19.3% and 27.7%, respectively, as a result
of the increase in the distance that works to move away the turbulence of the water fall-
ing above the edge of the weir. The depth and length of scour hole increase when using
an apron solid with a length of 150 cm by 7.4% and 10.4% due to vortices forming down-
stream weir, and these vortices increased when the solid apron increases. This vortex
caused increase in scour dimensions and then an increased length of scour hole.

The statistical program SPSS 21 was used to arrive at two positional equations for the
maximum depth and length of the scour hole in terms of variables and with a coefficient
of determination of R*?=0.892 and R>=0.804, respectively.

Abbreviations

D, Peak height of the scour hole cm

L Peak distance of the scour hole cm

Q Discharge L3/T

H Head of water above the sharp-crested weir L
w Width of the channel L

Ly, Length of apron solid L

Y Tailwater depth L

g Gravitational acceleration L/T2

P Weir depth L

Dsy Medium grain size diameter of the soil L
o= Dynamic viscosity of water M/L.T

P Density of water M/L3

Ps Density of the sediment M/L3

Fr Froude number

v Velocity of flow L/T

o Standard deviation

R? Coefficient of determination
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