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Abstract In the present paper, the results are explained for an experimental and nu-
merical study on scouring phenomenon around a rectangular, impermeable and non-sub-
merged bridge abutment cross section with perpendicular attitude to the flow axes. In this
study, SSIIM 2.0 is used to simulate the scouring problem at the abutment. SSIIM 2.0 is a
three-dimensional computational fluid dynamics program that uses a finite volume method
to discretize the equations. According to the results, the k—¢ turbulence model with some
RNG extensions is the best model for predicting turbulence around the rectangular abut-
ment. In addition, different grids are compared in the simulations and the best grid is
selected based on the accuracy of numerical results and the computation times. Finally, the
findings are explained, and the bed changes and local scour profiles resulting from the
numerical simulation are compared with the available experimental results. It is concluded
from the achieved results that SSIIM 2.0 numerical modeling is capable of simulating
scouring around a rectangular abutment.
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1 Introduction

Bridge collapse after a flood can interrupt transport systems, threaten lives, and destroy
property. In a study, Shirhole and Holt [1] claimed that over 1000 bridges have failed in the
last 30 years in the United States, and 60 % of those failures were associated with scour.
Bridge scour is also known for its negative impact on highway bridges in the United States
[2]. The degree danger was emphasized by the results of a study conducted by the
Transport Research Board, which indicated there are approximately 488,750 bridges that
span streams and rivers in the United States and $30 million are spent each year on dealing
with scour-associated bridge collapses [3].

Local scour at bridges has been studied extensively over the past 50 years with both
experimental and numerical methods. When an obstacle is placed in the flow on an
erodible bed, a scour hole forms at the obstacle footing. In river beds, this phenomenon
typically occurs in the vicinity of bridge abutments and bridge piers, often leading to the
structure’s collapse.

Constructing an abutment against the flow path causes hydrostatic pressure changes
between the upstream and downstream of the structure, which produces a whirlpool dis-
turbance around it. Such whirlpool flows are the main local scour mechanisms that produce
large vortices in the vicinity of the abutment. Local scour mentioned above may threaten
the structure’s safety and lead to structural failure [4]. Whirlpool disturbance causes the
formation of a primary vortex at upstream of the abutment. This primary vortex, known as
downward flow, initiates the scouring process upstream of the abutment. The downward
flow impinges on the stream’s bed, thus instigating a scour hole in front of the abutment,
which subsequently rolls up to make a complex vortex system [5]. This vortex, which is
shaped like a horseshoe, is called a “horseshoe vortex”. The flow separation downstream
of the abutment produces wake vortices, little tornados that lift material from the
streambed and generate an independent scour hole downstream of the pier [6].

Estimating the pattern of scour development and scour depth around an abutment have
been considered by many researchers in recent years. Therefore, researchers have tried to
predict the maximum scour depth for specific discharge in order to design proper abutment
foundations. It is also necessary to know the maximum scour depth to control scour using
countermeasures.

Numerous researchers such as Akib et al. (2011, 2014), Jahangirzadeh et al. (2014),
Basser et al. (2014), Dey (2005), Chiew (1992), Mashahir et al. (2004), Hua et al. (2006),
Kayaturk (2004), Molinas et al. (1992), Melville (1992), and Kumar (1999) have con-
ducted several experiments to clarify the scour phenomenon around hydraulic structures
[7-19].

Since experimental modeling is not always possible and in some cases can be costly, a
variety of numerical models have been developed to compute sediment transport and
calculate bed changes around hydraulic structures or obstructions. SSIIM, Fluent, and
Flow-3D are considered the most important numerical modeling tools for simulating
sediment transport.

Recently, lots of researchers have used numerical approaches and their interest in using
these methods is increasing. For example, Khosronejad et al. (2012) carried out a nu-
merical simulation to study clear-water scour around three bridge piers with cylindrical,
square, and diamond cross-sectional shapes, respectively [20]. Karami et al. (2012) per-
formed a study to validate a numerical method of simulating the scour phenomena around a
series of spur dikes [21]. Researchers including Akib et al. (2014), Khosronejad et al.

@ Springer



Environ Fluid Mech (2015) 15:1105-1114 1107

(2013), Al-Ghorab and Entesar (2013), Kang et al. (2012), and Paik et al. (2010) have also
carried out other numerical studies to simulate the scouring phenomenon [22-27].

The main objective of this study is to examine the efficiency of the SSIIM 2.0 three-
dimensional numerical model in estimating the local scour depth and pattern around a
rectangular section abutment. This three-dimensional model was used to simulate local
scour around a bridge abutment. After generating the grids, sediment transport was
computed and the results were explained. Consequently, several sensitivity analyses were
carried out to determine the best parameters of the numerical model.

2 Experimental setup

All experiments were conducted at the Porous Media Laboratory, Amirkabir University of
Technology, Tehran, Iran. The flume was rectangular-section 14 mlong, 1 m wide and 1 m
deep. Glass was used to build the bed and flume sides. A metal frame was used to support the
glass flume built. A rectangular section abutment made of glass, 0.15 m long and 0.30 m
wide, was installed at a distance of 5.7 m from the flume entrance. The bed slope in the
experiments was 0.0004. According to the observations, the bed sediment upstream of the
abutment was not moving, and only the scoured bed around the abutment was observed.
Therefore, considering the rigidity of the bed, the critical shear stress was measured based on
the Shields diagram and bed sediment diameter. Establishing uniform flow and fully de-
veloped turbulent flow was ensured by measuring velocity profiles upstream of the test
sections. A 25 Hz NorTek Acoustic Doppler Velocimeter (ADV) measured the velocity
components. A reservoir was built at the downstream end of the flume to trap transported
sediment. An inlet valve served to regulate the flow discharge and a rectangular weir was
made in the flume to measure the discharge. The flow depth (¥) was 15 cm in all experiments.
To fill the flume, bed sediment (5, < 1.4) was used, with thickness of 0.35 m, median size
(U/U.) of 0.91 mm, specific gravity (S,) of 2.65 and geometric standard deviation () of
1.38. The bed profile variations around the spur dikes in all tests were measured using a laser
bed profiler (LBP) with =1 mm width accuracy and +0.1 mm depth accuracy. Figure 1
shows the flume and experimental abutment in the laboratory. Figure 1a depicts the physical
abutment model and Fig. 1b shows the ADV and LBP in the laboratory.
Figure 2 shows a schematic view of the experimental flume and the abutment.

Fig. 1 a Physical model of rectangular abutment b Acoustic Doppler Velocimeter and Laser Bed Profiler
used to measure velocity and bed changes in experiments respectively
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Fig. 2 Schematic view of the flume and rectangular abutment in the laboratory

3 Numerical model

In this study, SSIIM 2.0, a three-dimensional computational fluid dynamics model (CFD),
was used to simulate the scour phenomenon and sediment transport around a rectangular
abutment. SSIIM 2.0 model utilizes a finite-volume approach to discretize equations.
SSIIM 2.0 solves Reynolds-averaged Navier—Stokes equations using standard k—¢ and k—¢
turbulence model with some RNG extensions to compute water flow. In the k—¢ turbulence
model with RNG extensions, there is an additional nonlinear term in the equation related to
€, which yields more accurate results when using this equation. Also due to the additional
term, this turbulence model can simulate flow over surfaces more accurately. Moreover,
SSIIM 2.0 employs the SIMPLE method to compute pressure [28]. It uses a power-law
scheme to discretize the convective terms. SSIIM 2.0 is capable of computing both bed
load and suspended load. It computes suspended load using the transient convection—
diffusion equation for sediment concentration c.

@+UA$+ %_i F% (])
ot " ox; waz_axi Ox;

In this equation, U is Reynolds-averaged water velocity, w is the sediment fall velocity, x is
general space dimension, z is the dimension in the vertical direction, and I’ is the diffusion
coefficient which is set equal to the eddy viscosity obtained from the k — ¢ model [28].

Equation 1 describes sediment transport, including the effect of turbulence on de-
creasing the sediment settling velocity. This equation is solved using a control-volume
method on all cells except the cell closest to the bed. For the cell closest to the bed, the Van
Rijn (1987) formula is used to specify the concentration as follows [29]:

d0.3 (ﬂ)
Ched = 0.015 ﬁ (2)
a ﬂ;vazw

In the above equation, d is sediment particle diameter, 7 is bed shear stress, 7., is critical
bed shear stress for the movement of sediment particles according to Shields’ diagram, p,,
and p, are the density of water and sediment, v is water viscosity and g is gravity accel-
eration. The critical shear stress was measured based on the Shields diagram and diameter
of bed sediments.

In addition to suspended load, the bed load, ¢, is computed with the Van Rijn formula [29]:
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For applying boundary conditions, inflow and outflow discharge values are defined in
the software discharge editor. The wall effect is estimated using an empirical wall function
called the standard wall function [28].

Uu 1 30h

D | 4

U, K n ( ks ) )
where, k; is the bed roughness, « is the Prandtl constant equals to 0.4, and /4 is the distance
from the wall.

4 Validation of the numerical model

In order to validate the model’s accuracy with regard to the simulated sediment transport,
four sensitivity analyses were performed to study the effect of grid, bed roughness, tur-
bulence model, and sediment transport formula on selecting the optimum state that best
agrees with the observed measurements. Based on the sensitivity analysis on bed rough-
ness, it was determined that the amount of 4ds, was the best roughness value for simulating
scour depth around the abutment. According to a study by Olsen, the amount of bed
roughness can differ from dso to 100dso [28]. The amounts of dsy and 3dsy have been
proposed for bed roughness [30, 31].

Subsequently, in order to simulate the channel and abutment geometry, two structured
grids were generated. The area around the abutment used a finer grid compared to the other
regions due to more intense velocity gradients and also to decrease computation time. The
grid sizes were (197 x 21 x 10) and (68 x 21 x 10), with the numbers indicating the
number of grids in the X, Y and Z directions respectively with distortion ratios of 0.2 and
0.5 respectively around the abutment The distortion ratio is the dimension of the grid in
one direction divided by the dimension in another direction [28]. In order to explore and
compare the achieved results, two tests, namely R? and MAE were utilized, using mea-
sured and numerical results around the abutment.

R_1— S (B =Ny 5)
Z?:l (Ei - E_i)z
MAE:%i|Ei N (6)
i=1

where E; = experimental results and N; = numerical results.

It was determined from the R? and MAE tests that the finer grid (197 x 21 x 10)
increases result accuracy but also significantly increases computation time. The CPU
calculation time for the finer grid was 870 min, which is much higher than 220 min for the
coarser grid. Since the finer grid accuracy was only 5 % higher than that of the coarser
grid, the coarser grid (68 x 21 x 10) was selected as the optimum grid based on com-
putation time and accuracy. Figure 3 indicates the optimum grid developed for the ex-
perimental model.
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Fig. 3 The optimum grid generated for rectangular abutment simulation

Table 1 Comparison of the measured and simulated results and computation time for two generated grids

Grid size Distortion ratio MAE test results R? test results Computation time (min)

197 x 21 x 10 0.2 0.017314 0.87 870

68 x 21 x 10 0.5 0.018286 0.82 220

Experimental scour depth(m) Experimental scour depth(m)
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Fig. 4 Results of R? tests for two turbulence models a k—& with some RNG extensions b standard k—¢

Table 1 provides the duration of computations as well as the accuracy results of the R?
and MAE tests for simulating scour depth in two generated grids. Fifty points around the
abutment were selected for assessment in the R? and MAE test.

Next, sensitivity analysis was performed to study the effect of different turbulence
models. According to the sensitivity analysis, the effect of standard k—¢ and k—¢ turbulence
model with some RNG extensions was examined, and the latter showed the best agreement
with the measured results. Figure 4 indicates the results of the R? test for comparing the
measured and simulated scour depth around the abutment for both turbulence models.
Also, the MAE test result showed that the k—¢ turbulence model with some RNG exten-
sions was more efficient in simulating the scouring phenomenon around the rectangular
abutment. The MAE test results for standard k—¢ and k—¢ turbulence model with some
RNG extensions were 0.021341 and 0.019225 respectively.

Moreover, sensitivity analysis was carried out to evaluate the best sediment transport
formula for simulation. Based on this analysis, the results achieved from the Van Rijn
formula [29] had the best agreement with the measured topography (the coefficient of
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Table 2 Comparison of results from the examined sediment transport formulas in the simulations

Sediment transport formula R? test results MAE test results

Experimental model - -

Van Rijn formula [11] 0.77 0.022
Engelund/Hansen [12] 0.32 0.057
Ackers/White formula [13] 0.37 0.053
Yang’s streampower formula [14] 0.09 0.18

Shen/Hung formula [10] 0.51 0.045
Einstein bed load formula [15] 0.14 0.011

determination, R?, for Van Rijn’s formula was around 0.77). After Van the Rijn formula,
the Shen/Hung formula demonstrated good results. For sensitivity analysis, the following
formulas were selected:

Van Rijn formula, Engelund/Hansen formula, Ackers/White formula, Yang’s stream-
power formula, Shen/Hung formula, and Einstein bed load formula. Table 2 indicates the
results of the R? and MAE tests.

5 Results and discussions

The results indicate that scouring started around the abutment at an angle of approximately
45° to the nose of the abutment. By intensifying the mechanism of scouring a horseshoe
vortex formed, which transported the sediment particles downstream of the abutment.
According to the observations, the scouring rate was very fast in the first hours and around
60 % of scouring occurred in the first 5 % of the experiment. It was also observed that
more than 85 % of the maximum scour depth developed in the first 20 % of the experiment
and computation time. Figure 5 indicates the experimental and numerical time variation of
maximum scour depth. It shows that the computational results matched the experimental
time variation very well.

Figure 6 illustrates the comparison of the computed and measured bed changes at
sections X = 5.6 m, x = 5.7 m, X = 6.1 m and x = 6.3 m around the rectangular abut-
ment. The graphs show acceptable accuracy of the numerical model in simulating scour
phenomenon around abutments. As previously mentioned, the maximum scour depth

Fig. 5 Comparison of the 1200
numerical and experimental
variations of dimensionless 1.000
maximum scour depth (d/dt) as a
function of dimensionless time (t/ 0.800
T)
T o0.600
©
—Numerical
0.400
© Experimental
0.200
0.000
0.00 0.20 0.40 0.60 0.80 1.00

t/T

@ Springer



1112 Environ Fluid Mech (2015) 15:1105-1114

o Experimental — Numerical o Experimental — Numerical

0.025

(d)

-0.075

-0.15 01
o Experimental — Numerical o Experimental — Numerical

Fig. 6 Bed changes in experimental and numerical results a x = 5.6 m, b x =57 m, ¢ x = 6.1 m and
dx=63m

observed around the upstream nose of the abutment. Also, the location of the maximum
scour depth was reasonably reproduced. The computational results show that the numerical
model underestimated the scour depth, as the maximum scour depth was around 0.22 m in
the experiments, whereas in the computation the value was 0.20 m. It is evident in Fig. 6
that there is a steep area in the cross sections, which is a result of the primary vortex that
forms once the approaching flow encounters the abutment. The approaching flow en-
countering the abutment caused a difference in pressure between water surface and bed
level, which made the flow move downward and in the opposite direction of the ap-
proaching flow. This phenomenon produced the primary vortex that signifies as the pri-
mary reason of scouring around the abutment. It is clear that scour depth decreased with
moving farther away from the abutment along the channel’s width. This decrease is due to
the power mitigation in the primary vortex.

6 Conclusion

In this study, sediment transport at a rectangular abutment was investigated using ex-
perimental and numerical methods. The numerical model results showed that it is capable
of modeling scouring around an abutment with sufficient accuracy. The main conclusions
of this study are explained as follows:

— The distortion ratio should change softly along the grid. In addition, the results indicate
that using a distortion ratio of 0.2-0.5 around the abutment led to accurate results.

@ Springer



Environ Fluid Mech (2015) 15:1105-1114 1113

Using a finer grid just around the structure decreased the computation time
significantly.

The results obtained from using a k—¢ turbulence model with some RNG extensions
showed the best agreement with the measurements. This model is recommended for use
in similar problems.

Using the amount of 4dsy as the roughness value led to the best agreement with
experimental results in simulating scouring around a rectangular abutment.

A comparison of the computed and measured bed changes showed that the Van Rijn
sediment transport formula is the best formula to assess bed changes around a
rectangular abutment. After the Van Rijn formula, the Shen/Hung formula demon-
strated proper results.

Scouring started around the abutment at an angle of approximately 45° to the nose of
the abutment.

It is concluded that the maximum scouring rate occurred during the first hours of the
experiment and computation, and it decreased with time. 60 % and 85 % of the
scouring occurred during the first 5 and 20 % of the equilibrium time, respectively.
Maximum scour depth was observed around the upstream nose of the abutment due to
the power of the primary vortexes.

The computational results signify that the numerical model underestimated the
maximum scour depth by 10 %.
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