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ABSTRACT

Various methods are proposed to control scouring around a bridge abutment. In this study,
experiments were conducted at a vertical wall abutment in a laboratory flume to explore the effect
of using a protective pile installed upstream the abutment for reducing the effects of local scour
aroundthe bridge abutment. Tests were conducted with different pile diameters and positions under
the same flow conditions. In addition, a 3-D numerical model was used to simulate the scour at the
bridge abutment. The model used a finite-volume method to solve the non-transient Navier-Stocks
equations and a bed load conservation equation. The k-¢ turbulence model was used to solve the
Reynolds-stress term. The 3-D flow model was verified by comparing the obtained results with the
experimental results. It was found from this research study that, the optimum case of pile is
(D/B=0.125, x/B=0.25, b/B=1.0), it reduced the relative scour depth by about 41%. The results
showed a good agreement between simulation and experimental data. Also, an empirical equation
was developed from the experimental results for computing the maximum scour depth at a bridge
abutment with a protective pile.

Keywords:Scour, bridge abutment, numerical modeling, protective pile.

1. Introduction

The scour occurs because of flowing water, excavating and carrying away material
from bed and banks of streams and from around the piers and abutmentsof bridges
producing scour holes that may cause failure of the bridges. Scour around bridge piers and
abutments has resulted in many considerable researches being carried out over the past
decade to introduce methods for reducing the scour hole dimensions. Scour around bridge
abutment was studied experimentally by Hua [10], Abou-Seida et al.[4], and Kose and
Yanmaz[11].Alireza et al.[6] studied the using of oblong collars for reducing the effects
of local scour at a bridge pier together with the time aspect of the scour development. Their
results indicated that the maximum depth of scour is highly dependent on the experimental
duration; it was also observed that, as the size of a collar plate increases, the scour
decreases.
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The results from a number of scour surveys using GPR (Ground Penetrating Radar)
were presented by Forde et al.[9]. It could be concluded that, GPR surveys should be
defined effective in determining both the water depth and sub-bottom geological structure
near bridge piers and abutments provided that the correct instrumentation and operational
procedures are adopted.Dey and Barbhuiya[7]conducted an experiment to measure the
three-dimensional turbulent flow field, using an Acoustic Doppler Velocimeter, at a
vertical wall abutment. The data presented would be useful for the development and
validation of a flow field model, which can be used for the estimation of scour depth at
bridge abutments.Many researches were carried out to minimize the scour dimensions by
implementing a circular collar around the pier (Zarrati et al.[26, 27], Alabi [5], Abdel-
Aall and Mohamed [2], and Abdel-Aal et al. [1]).Application of riprap alone and
combinations of riprap and collar were examined experimentally by Zarrati et al.[25] for
scour control around cylindrical bridge piers. It was concluded that using collar reduced
the riprap layer extension in front and sides of the pier.

The flow and local scour variation around single pier and interaction effect between
bridge piers were studied by Abouzeid et al.[3] using 3D flow model, It was noticed that
the maximum scour depth for circular pier is less than that for rectangular one for both
single and double piers cases.

Sui et al.[22] developed an empirical equation describing the equilibrium scour depth
of the scour hole around bridge abutments. Numerical and experimental studies were
carried out by Mohamed et al.[14]to investigate the effect of different contraction ratios
and entrance angles of bridge abutment on local scour depth. Mowafy and
Fahmy[16]discussed the effect of constructing two adjacent bridges on the flow
characteristics and local scour around bridge piers. Peng et al.[20] presented experiments
to investigate the impacts of ice cover on local scour around semicircular bridge abutment;
it was found that the maximum scour depth was located 75inclined to the flume wall. The
flow structure and scour around circular compound bridge piers were investigated
experimentally by Kumar et al[12]. Najafzadeh et al.[18] presented new application of
group method of data handling (GMDH) to predict scour depth around a vertical pier in
cohesive soils, the GMDH network was proved very successful compared to traditional
equations. Scour around bridge piers was numerically simulated by Olsen and
Melaan[19], Dou [8], Richardson and Panchang[21], and Tseng et al.[24]. In addition,
the scour depth and protections around bridge abutments were discussed by Melville [17],
Macky[13]. Numerical models were also presented to simulate the scour depth around
bridge abutment by Morales and Ettema[15], and Taymaz et al.[23].

In this paper, the local scour around bridge abutment was studied experimentally and
numerically. The effect of using a protective pile upstream the abutment wall was
examined. The optimum pile diameter for minimum scour depth at the abutment was
investigated and the effect of different positions of the pile on the local scour depth was
also tested.

2. Dimensional analysis

Dimensional analysis is used to define the dimensionless variables based on the
selection of all variables governing the scour around bridge abutment in Fig. (1).
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Thedifferent variables controlling the scour upstream the abutment can be classified as

follows:
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Fig. 1. Schematic diagram of the experimental model

3. Experimental setup

Layout of experimental set up is illustrated in Fig. 1.Experiments were conducted in a

straight

rectangular flume of 0.4 m wide, 0.20 m deep and 4.0 m length, as shown in photo

(1), and Fig (1). The laboratory flume was made from a self-colored, glass reinforced
plastic mounding. The discharges were measured using a pre-calibrated orifice meter fixed
in the main flow line. The tailgate was fixed at the end of the experimental part of the
flume; it was used to adjust the tail water depth at the downstream side. The water depths
were measured by means of point gauges.

The experimental program can be summarized as following:

The experimental model within the flume channel was0.2 m wide and 0.4 m
Length. The model of bridge abutment was built from wood and was located at the
mid length of the flume. The entrance angle of abutment is 90° see Fig. (1).

The model sand is non uniform (uniformity coefficient =Dg/D10 =1.52<6.0) with
Dso=1.78mm, and geometric mean standard deviation =Dgs/D,5 =1.54.

The base case (the abutment without upstream pile) was tested.

Theprotective pile was fixed upstream the abutment, see Photo (1).It included
about 45 experimental runs.

Different diameters of pile (D/B= 0.06, 0.125, 0.175), and different positions of
pile (x/B=0.15, 0.25, 0.35, 0.6), (b/B= 0.5, 1.0, 1.5) were examined.

The water surface levels were measured along the center line of the flume at the
upstream and downstream of the bridge abutment.

Water surface levels and scour dimensions were measured around the bridge
abutment by using an ordinary point gauge (of £0.1 mm accuracy) which was
mounted on a carriage.



959
JES, Assiut University, Faculty of Engineering, Vol. 42, No. 4,July 2014, pp. 956-967

Photo 1. Different diameters and positions of pile

4. The numerical model

SSIIM is an abbreviation for simulation of sediment movements in water intakes with
multi-block option empirical equations. The SSIIM program solves the Navier-Stokes
equations with the k — € on a three dimensional and general non-orthogonal grids. These
equations are discretized with a control volume approach.An implicit solver is used,
producing the velocity field in geometry. The velocities are used when solving the
convection-diffusion equations for different sediment sizes. The Navier-Stokes equations
for non-compressible and constant density flow can be modeled as:

0U; 0U; 10 N
a_tl + U] a—X]l = Ea_x, [—pSu - pulu]](Z)

Where U; = the local Velocity,x]- = space dimension, p = pressre,é‘)i]- = kronecker delta,
p = fluid density andu; = the average velocity.

The first term on the left side of the Equation (2) indicates the time variations;the
second 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. This eq.is
solved using finite discontinuing volume method.

A control-volume approach is used for discretization of the equations. The Reynolds
stress is evaluated using turbulence model k — ¢ .

ou; 4 94

- 2
—ulu]= VT (an + 6Xi>-§ k61](3)
The first term on the right — hand side of the Equation (3) is the diffusive term in The
Navier-Stokes equations.

The influence of rough boundaries on fluid dynamics is modeled through the inclusion
of the wall law as given as follows:
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U _ 1

UK In(30z/K)(4)
Where, ks equals to the roughness height, which calculated using Van Rijns (1987), K is von

Karmen constant, U is the mean velocity, U,is the shear velocity and z is the height above the bed.

5. Model description

A structured grid mesh on the x-y-z plane was generated. As shown in Fig. (2), The
Abutment was generated by specifying 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. The different ordinates of the pile were also specified, and then the
pile was generated by blocking its area.

Fig. 2 Detalled view of the grid mesh

6. Model verification

Tests were first performed on the abutment without pile. A series of tests were carried
out on the case of the abutment with upstream pile with different diameters and positions.
Figure (3) shows experimental values of maximum scour depth as a ratio of the tail water
depth, (hy/y,) Experimental, versus the numerical values, (hy/y,) Simulated, predicted by the
3D numerical model for the different three pile diameters used in this study. Figs.(4) and
(5) illustrate the effect of the pile positions. It is noticeable that there were well agreement
between the experimental and numerical values of maximum scour depth with an average
correlation coefficient of 97%. Fig.(6) shows a comparison between maps for case of
abutment without pile and with case of abutment with upstream pile of D/B=0.125,
x/B=0.25, b/B=1.0.
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Fig. 3. Simulated versus experimental for (hy/y;) for different pile diameters (D/B).
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Fig. 4. Simulated versus experimental for (hy/y;) for different positions of pile (x/B).

A %/B=015 @ x/B=025 & x/B=035 & x/B=06 Seriess
0.7
A
<
5 06 *
o /
=
i)
=
a5
E ® A
; ’
-
.
-

04
[ ]
e

0.3 <

0.1 0.2 0.3 04 0.5 0.6 0.7

hs/ytExperimental

Fig. 5. Simulated versus experimental for (hy/y,) for different positions of pile (b/B).
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Fig. 6. Scour contour maps for 1) no pile, ii) D/B=0.125, x/B= 0.25, b/B=1.

7. Analysis
7.1 The effect of relative pile diameter (D/B)

Fig. (7) shows the relationship between the tail Froude number F, and the maximum
local scour depth around the bridge abutment hy/y,, (y, is the tail water depth) with and
without a protective pile, different pile diameters were used (D/B= 0.06, 0.125, 0.175).
This figure shows thatthe values of the relative scour depth (hy/y,) increases as the tail
Froude number increases. In addition, the relative scour depths produced by a protective
pile are smaller than those without pile. This indicates that using pile decreases the relative
scour depth. Therefore, pile seems to be effective upstream the abutment bridge by
protecting upstream area of abutment. For (D/B=0.175), the pile had a very slight effect on
reducing the scour. Results show, that relative pile diameter of (D/B= 0.125) give a
maximum reduction in scour depth with about 46%.

7.2 The effect of relative pile position (x/B)

Results of Fig. (8) show the variation of hy/y, with various positions of pile (x/B=0.15,
0.25, 0.35, 0.6).It could be seen that, under the condition of same flow and bed material,
the relative scour depth of the scour hole around the abutment increases as F, increases. In
addition, the relative scour depth minified to the minimal limit in case of x/B=0.25, it
reduces the relative scour depth hy/y,, by about48% compared to the no-pile case, which
can be considered as the optimum position of the pile.

7.3 The effect of relative pile position (b/B)

Fig.(9)shows the variation of hy/y, with various positions of pile (b/B=0.5, 1.0, 1.5).
Results show, that relative pile position of b/B= 1.0give a maximum reduction in scour
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depth. The reduction in the relative scour depth around the abutment with aprotective pile
with(b/B= 0.5, 1.0, 1.5) equal 20.8%, 41%, 31.3% of the relative scour depth around the
abutment without pile.

A no pile &« D/B=0.06
+ D/B=0.125 < DfB=0.175

hs,l'yt

0.15 0.25

Fig. 7.The relation between the relative® scour depth (hy/y;) and Froude number
F, for different pile diameters.
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Fig. 8. The relation between the relative scour depth (hy/y;) and Froude number F;
for different pile positions (x/B).
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Fig. 9. The relation between the relative scour depth (hy/y;) and Froude number
F, for different pile positions (b/B).
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The presence of a pile upstream the abutment reduces collisions of water at the
upstream face of the abutment and forces water to draw back to the bottom causing scour.
But if the abutment is found in the area of the dead zone behind the pile, it is important to
investigate the width of pile and its distance from the abutment because they have positive
or negative impact on the activity of the movements of soil particles around the abutment.
It is known from pervious researches that, the presence of a protective pile upstream the
abutment and by the collision of water, it causes erosion around the pile and the soil
particles begin in motion in the direction of flow. Depositions are occurred if water
velocity decreased. So, the presence of pile causes a stagnant area works to reduce velocity
and increase sedimentations in that area. For this, the balance between the movement of
sedimentation resulting from the presence of the pile upstream the abutment and the
activity of scour around it is a very important. The presence of the pile near enough the
abutment may be increased the scour activity and the existing of pile u.s. the abutment had
been a little effect and clear impact. When the pile exists far away the abutment it comes
out from the area, where interaction between the pile and abutment doesn't exist, the result
is playing each structure individually. This explains that the optimum case of pile is
(D/B=0.125, x/B=0.25, b/B=1.0), it reduced the maximum scour depth by about 41%.

Whenever the pile is away from the abutment in the lateral direction, sedimentations
around the abutment decrease and thus the pile has a little impact, while silting increases in
the contracted waterway.

8. Statistical regression

A statistical regression analysis is used for correlating the different dimensionless
variables to develop an empirical equation for predicting the relative scour depth hy/y..
Based on the experimental data the developed equation can be expressed as follows;

he =3.574F, —0.0532 —0.00Si—0.004£—O.154 Q)

Y Y Y Vi

The predicted values are plotted against the experimental values; also the residuals are
plotted versus the predicted values as shown in figures (10) & (11). The results showed
well agreement between the experimental and predicted values of hy/y, (R* = 0.91 and R*
between residuals and predicted values is9.15E™".
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Fig. 10.Comparison between experimental results and statistical model (Eq. 5) results .
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9. Conclusion

Experimental and numerical studies were conducted to investigate the scour around a
bridge abutment. The characteristics of the scour hole have been shown to be affected by
using a protective pile upstream the abutment. It was found that:

Using of a pile upstream the abutment provide a benefit at reducing the maximum
scour depth.

A D/B= 0.125, pile is very effective at reducing the scour depth when compared
with D/B= 0, 0.06, 0.175, by about 46% of the scour depth without pile.

The pile located at x=0.25B, b=B, just upstream the abutment reduces the relative
scour depth hy/y, by 41 %compared to the no-pile case.

The simulated results show the ability of the SSIIM program for modeling the local
scouring at bridge abutments with and without pile with an average correlation
coefficient of 97%.

The results of the proposed statistical equations are compared to the experimental
measurements and an acceptable agreement has been found.
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