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Abstract Numerical and experimental studieswere carriedout to investigate the effect of different con-

traction ratios and entrance angles of bridge abutment on local scour depth. A 3-D numerical model is

developed to simulate the scour at bridge abutment. This model solves 3-D Navier–Stokes equations

and a bed load conservation equation. The k�e turbulence model is used to solve the Reynolds-stress

term. In addition, themodel verification ismadeby comparing the computed results with existing exper-

imental data. The results show the ability of the numerical model to simulate local scouring at bridge

abutments for different contraction ratios and entrance angles of abutment with high accuracy. The

determination coefficient and mean relative absolute error, in average, are 0.95 and, 0.12, respectively.
ª 2013 Production and hosting by Elsevier B.V. on behalf of King Saud University.
1. Introduction

The scour is a result of the erosive action of flowing water,
excavating and carrying away material from the bed and banks
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of streams and from around the piers and abutments of bridges
(Richardson and Davis, 2001). Such scour around pier and pile
supported structures and abutments can result in structural

collapse and loss of life and property. Richardson and Abed
(1993), quoted in a study produced in 1973 for the U.S. Fed-
eral Highway Administration that concluded of 383 bridge

failures, 25% involved pier damage and 72% involved abut-
ment damage. The total scour at a river crossing consists of
three components: general scour, contraction scour, and local
scour (Cheremisinoff et al., 1987). Local scour occurs around

piers, abutments, spurs and embankments, which is caused
by the acceleration of the flow and the development of vortex
systems induced by these obstructions to the flow. Many stud-

ies have been carried out to develop the relationships for pre-
dicting the maximum scour depth at bridge piers under clear-
water scour condition and these relations have been used
ing Saud University.
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Figure 1 Definition sketch of a re-circulating flume.

Photo 1 Re-circulating flume.
Photo 2 Different shapes of abutment.

Figure 2 Ratio of maximum to equilibrium scour depths (ds/ds

Equilibrium) versus time.

2 Y. Mohamed et al.
extensively for designing purposes (Dehghani et al., 2009).
Lots of researches are carried out to minified the scour dimen-

sions by implementing a circular collar around the pier (Zar-
rati et al., 2004, 2006; Alabi, 2006; Moncada-M et al., 2009;
Abdel-Aal and Mohamed, 2010; Abdel-Aal et al., 2008), sub-

merged vanes (Odgaard and Wang, 1987), a slot through the
pier (Chiew, 1992; Grilmaldi et al., 2009; Gaudio et al.,
2012, Tafarojnoruz et al., 2010, 2012). The guide wall was used

to protect the scour depth at bridge abutment (Fathi et al.,
2011). Effect of weed accumulation on scour depth around
bridge piers was investigated by Mowafy and EI-Saed
(2000). The effect of constructing two adjacent bridges on

the flow characteristics and local scour around bridge piers
was discussed by Mowafy and Fahmy (2001). Melville (1992)
and Melville (1997) presented an integrating approach to the

estimation of local scour depth at bridge piers and abutments.
Scour around bridge abutment is studied experimentally by-
Hua (2005), Abou-Seida et al. (2009) and Kose and Yanmaz

(2010). Gene expression programming and artificial neural net-
works were used to predict the time variation of scour depth at
a short abutment by Mohammadpour et al. (2013). The scour

computation is considered as a complicated process and time
consuming, so, many soft-wares were created and applied to
compute scour around bridge piers. Several numerical models
have been constructed for simulating the 3D flow field and bed
Table 1 Details of experimental conditions.

Discharge (L/s) 3.5

Abutment width (b) cm 3.75, 5.0, and 7.5

Abutment entrance angle 90�, 60�, 45�, 30�, 15�, and 10

Please cite this article in press as: Mohamed, Y.A. et al., Experime
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variations around bridge piers. Scour around bridge piers was

numerically simulated by Olsen and Melaaen (1993), Dou
(1997), Richardson and Panchang (1998)and Tseng et al.
(2000). In addition, numerical models are also presented to

simulate the scour depth around bridge abutment by Morales
and Ettema (2011) and Taymaz et al. (2011). In this study, the
local scour around bridge abutment was studied experimen-
tally and numerically. The effects of different contraction
Median sand size (mm) 1.77

Flow depth (cm) 3–7

� Froude Number 0.20–0.55
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Experimental and theoretical investigations of scour at bridge abutment 3
ratios of bridge and entrance angles at the upstream of bridge
abutment, on local scour depth are investigated. The numerical
models were created by using SSIIM (sediment simulation in
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Figure 3 The relationship between the Ft and ds/yt for different

contraction ratios.

Figure 4 Scour contour maps for (i) e = 0.17,
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water intake with multiblock option) program. This 3D
CFD model was based on the finite volume method to solve
the Navier–Stokes equations, Olsen 2007.
(ii) e = 0.25, and (iii) e = 0.37 at Ft = 0.35.
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Figure 5 Simulated versus experimental values for ds/yt at

Q= 3.5 L/s, and different contraction ratios (e).
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2. Experimental work

The experimental work was carried out in a re-circulating
channel with 4 m length, 20 cm depth and 40 cm width,

(Fig. 1, and Photo 1). Stones of different sizes were used at
the entrance to damp carefully disturbances. The discharge
was measured using a pre-calibrated orifice meter. The median

sand size (D50) is 1.77 mm. The sediment is to be considered as
uniform at which the geometric stander deviation of the parti-
cle size distribution is less than 1.3, (rg = D84/D50 = 1.29).
The experimental work was conducted under the clear-water

condition. Clear water scour occurs for velocities up to the
threshold for the general bed movement, i.e., U/Uc 6 1 (U, is
the approach flow velocity, and Uc, is mean approach velocity

at the threshold condition) (Melville, 1997). In the present
study the value of U/Uc equals 0.7, (i.e., clear water scour).
For each test of the experimental program, the sand was

leveled along the entire length of flume using a wooden screed
with the same width as the flume. The sand level was checked
at random points with a point gauge. The flume was slowly
Figure 6 Horizontal velocity distribution over mobile bed by dista

e= 0.37 at Ft = 0.35.
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filled with water upto the required depth. The pump was then
turned on and its speed increased slowly until the desired flow
rate was achieved, after that the tailgate was adjusted to get the

required water depth. At the end of the test the pump was
turned off and the flume was drained slowly without disturbing
the scour topography. The bed topography was measured with

point gauge with 0.01 mm accuracy on a grid with meshes of
3 cm · 3 cm (sometimes 1 cm · 1 cm depending on the bed
topography) over an area of 2.5 m · 0.4 m spanning between

1.0 m upstream and 1.1 m downstream from the abutment.
The grid pattern was dense to obtain accurate bed topography
at the end of each experiment. Wooden abutments with 40 cm
length and different widths were installed in the channel sides,

Table1. The entrance angles of abutment at the upstream are
changed five times (90�, 60�, 45�, 30�, 15�, and 10�), (Photo
2). The total number of experiments is 90. Details of the exper-

imental conditions are summarized in Table 1. Fig. 2, presents
the required time for each test, in which the relationship be-
tween ds/ds Equilibrium was plotted against the time. It was found

that 90% of maximum scour depth was achieved at 2 h.
nce 0.1% of water depth, for (i) e = 0.17, (ii) e = 0.25, and (iii)
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Experimental and theoretical investigations of scour at bridge abutment 5
3. The numerical model

The SSIIM program solves the Navier–Stokes equations with
the k-e on a three dimensional and general non-orthogonal

co-ordinate. These equations are discretized with a control vol-
ume approach. An implicit solver is used, producing the veloc-
ity field in geometry. The velocities are used when solving the

convection–diffusion equations. The Navier–Stokes equations
for non-compressible and constant density flow can be mod-
eled as:

@ui
@t
þUj

@ui
@xj

¼ 1

q
@

@xj

�p@ ij � quiuj
� �

ð1Þ
Figure 7 Velocity distribution for elevation cross-section at the end o

at Ft = 0.35.

Figure 8 Measured and simulated cross-section
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The left term on the left side of theEq. (1) indicates the time
variations. The next term is the convective term. The first term
on the right-hand side is the pressure term and the second term

on the right side of the equation is the Reynolds stress. The
Reynolds stress is evaluated using the turbulence model k–e.
The free surface is calculated using a fixed-lid approach, with

zero gradients for all variables. The locations of the fixed lid
and its movement as a function of time and water flow field
are computed by different algorithms. The 1D backwater com-

putation is the default algorithm and it is invoked automati-
cally. Formula developed by Van Rijn, 1987 was used to
calculate the equilibrium sediment concentration close to the
bed. This equation has the form:
f bridge abutment, for (i) e = 0.17, (ii) e = 0.25, and (iii) e = 0.37

for contraction ratio equals 0.17 at Ft = 0.42.
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Cbed ¼ 0:015
d 0:3½ðs� scÞ=sc�1:5

a ððqs � qwÞgÞ= qwv
2ð Þ½ �0:1

ð2Þ

where C bed is the sediment concentration, d is the sediment
particle diameter, a is a reference level set equal to the rough-

ness height, s is the bed shear stress, sc is the critical bed shear
stress for the movement of sediment particles according to
Shield’s curve, qw and qs are the density of water and sediment,

respectively, m is the Kinematic viscosity of the water and g is
the gravitational acceleration.Van Rijen’s formula, 1987 is
used to calculate the bed load discharge (qb), the equation

has the following form:

qb

D501:5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ððqs � qwÞgÞ=qw

p ¼ 0:053
d 0:3½ðs� scÞ=sc�1:5

D0:3
50 ððqs � qwÞgÞ= qwv

2ð Þ½ �0:1

ð3Þ

where D50 is the mean size of the sediment.
The influence of rough boundaries on fluid dynamics is

modeled through the inclusion of the wall law:

U

U�
¼ 1

K
lnð30z=KsÞ ð4Þ

where ks is equal to the roughness height, K is von Karmen
constant, U is the mean velocity, U* is the shear velocity and z

is the height above the bed.
4. Model geometry and properties

A structured grid mesh on the x–y–z plane was generated. A
three dimensional grid mesh with 234 elements in the x-direc-
tion, 66 elements in the y-direction and 22 elements in the

z-direction was obtained. An uneven distribution of grid lines
in both horizontal and vertical directions was chosen in order
to keep the total number of cells in an acceptable range and to

get valuable results in the area. The following grid line distri-
butions were chosen: In X-direction: 3 cells with a 0.25 m, 10
cells with a 0.05 m, 25 cells with a 0.02 m, 160 cells with a
0.005 m, 20 cells with a 0.02 m, 10 cells with a 0.05 m and 5

cells with a 0.11 m, respectively. In Y-direction: 30 cells with
a 0.005 m, 5 cells with a 0.02 m and 30 cells with a 0.005 m,
respectively. In Z-direction: 10 cells with 1% height of the

water depth, 4 cells with 5% of the water depth and 7 cells with
10% of the water depth. The abutment was generated by spec-
ifying its ordinates, and then the grid interpolated using the

elliptic grid generation method. However, the abutment was
generated by blocking the area of the abutment.
/

Figure 9 The relationship between the relative scour depth (ds/

yt) and Froude number Ft for different entrance angles of bridge

abutments.
5. Analysis and discussion

5.1. The effect of contraction ratio of bridge e = 2b/B on local
scour depth

In this section, the effect of different widths of abutment on lo-

cal scour depth was investigated experimentally and theoreti-
cally for the 90� entrance angle of abutment. The width of
bridge abutment was changed to have three contraction ratios
(e = 2b/B = 0.37, 0.25, and 0.17), where, B is the channel

width and b is the abutment width. The relationship between
the tail Froude number Ft and the relative scour depth at
bridge abutment ds/yt, (yt, is the tail water depth) is shown
Please cite this article in press as: Mohamed, Y.A. et al., Experime
Journal of King Saud University – Engineering Sciences (2013), h
in Fig. 3, for the different contraction ratios (e). This figure
shows that, as the contraction ratio (e) increases the local scour
depth increases and vice versa. In addition, the relative scour

depth increases as the tail Froude number increases. The scour
contour maps for contraction ratios (e) = 0.17, 0.25, and 0.37
are presented in Fig. 4. It is clearly shown that the scour hole

dimension for contraction ratio (e) = 0.17 is smaller compared
to the other contraction ratios (e) = 0.25 and 0.37. The veloc-
ities created around bridge abutment increase as the contrac-

tion ratios increase and then larger scour depth will be
created. The results of Garde et al. (1961) are plotted in
Fig. 3 for contraction ratio and median grain size of sediment
equal to 0.37 and 2 mm, respectively. The theoretical values of

local scour depth created by the 3-D computational fluid dy-
namic model are compared to the measured data, see Fig. 5.
The correlation coefficient between the simulated and the

experimental values is 95% and the mean relative absolute er-
ror is 12%. So, it is obvious that the 3D simulation model ex-
presses well the scour phenomenon at bridge abutment. The

velocity distributions around the bridge abutment in both of
horizontal and vertical direction are presented in Figs. 6 and
7, respectively. It was clearly found that, as the contraction ra-

tio increases the velocity concentration increases at the edge of
bridge abutment in both horizontal and vertical directions.
The downward velocity is larger for (e) = 0.37 compared to
the others (e) = 0.25 and 0.17. The velocity concentration with

large values at the abutment is the main reason for formation
of large values of local scour depth. Measured and simulated
cross-section for contraction ratio equals 0.17 at Ft = 0.42 is

presented in Fig. 8. It was found that the simulated results
matched with experimental data, ensuring the capabilities of
the 3-D computational fluid dynamic model to simulate the

scour at the bridge abutments.

5.2. Effect of entrance angles (h)of bridge abutment on local
scour depth

For the contraction ratio, e = 0.37, the relationship between
the relative scour (ds/yt) depth and Froude number Ft for
ntal and theoretical investigations of scour at bridge abutment.
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different entrance angles upstream the abutment is shown in
Fig. 9. It was found that the sharp entrance angle (h = 90�)
at the upstream of the abutment produces higher values of

scour depth compared to the other angles. In addition, the
Figure 10 Scour contour maps for (i) h = 60�, (ii) h =

Please cite this article in press as: Mohamed, Y.A. et al., Experimen
Journal of King Saud University – Engineering Sciences (2013), h
milder slopes of entrance angles produce smaller values of lo-
cal scour depth, i.e. 10�, and 15�. The local scour depth was re-
duced in average by 37%, 50%, 74%, 91%, and 92% for the

abutment face angles 60�, 45�, 30�, 15�, and 10�, respectively
45�, (iii) h = 30�, and (iv) h = 15� at Ft = 0.35.

tal and theoretical investigations of scour at bridge abutment.
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compared to h = 90�. The same results can be investigated
through the scour contour maps for typical cases in Fig. 10.
This figure shows that, the scour around the abutment with

face slope equal to 15� and 10� is smaller than the other angles
of bridge abutment, (i.e. Fig. 4iii, and Fig. 10i–iii). The results
of the 3D-Computational fluid dynamic model are presented in

Fig. 10 at which the experimental values of local scour depth
compared to the simulated ones, for different entrance angles
of the bridge abutment. It was found that the selected models

produce scour depths close to the experimental values with
correlation coefficient R2 = 99% and mean relative absolute
(i) Plan cross-section (at distance 0.1

(ii) Elevation cross-section (at the end

Figure 12 Plan and elevation velocity d

Figure 11 Simulated versus experimental for (ds/yt) for different

entrance angles.

Please cite this article in press as: Mohamed, Y.A. et al., Experime
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error of 10%. In general, forming of scour at the abutment
edge can be clearly explained using the velocity distribution
as shown in Fig. 12 for a typical case of entrance angle 15�.
This figure shows the velocity distribution in both horizontal
and vertical directions. This figure explains the smaller values
of scour at the bridge abutment. Small values of downward

velocity, (Fig. 12ii) and good distribution of horizontal veloc-
ity, (Fig. 12i) are generated. From the above analysis it is
highly recommended to overcome and reduce the actions of

such velocities formed at bridge abutments by using anti-scour
devices (see Fig. 11).

6. Conclusions

The present study focuses on experimental and numerical sim-
ulation of maximum depth of scour around bridge abutment in

sandy soil. Different expansion ratios of channel width and en-
trance angles of bridge abutment are examined experimentally
and by employing a 3D numerical model (SSIIM program). It
was found that the local scour depth at bridge abutment in-

creases as the contraction ratio increases. In addition, the
milder entrance angles (h = 10� and 15�) of bridge abutment
produce smaller values of local scour depth compared to the

steeper ones. The local scour depth at bridge abutment is re-
duced by 92% by applying entrance angle of 10� compared
to the entrance angle of 90�. In addition, the simulated results

show the ability of SSIIM for modeling the local scouring at
bridge abutments having different contraction ratios of
channel width and entrance angles with an average correlation
coefficient of 97%.
% of water depth) 

 of  bridge abutment) 

istribution for h = 15� at Ft = 0.35.
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