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The most important causes of bridge failure are local scour. In this study, laboratory experiments were
conducted to investigate the effectiveness of slot as a protection device in reduction of depth of scour at
cylindrical piers under clear water flow conditions. The development time of scour depth at the circular

pier with and without a slot as a protection device was conducted. The experiments focused on the effect
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of using different lengths of slot, calculating efficiency and deriving a suitable equation. It was observed
that the scour depth decreases as the size of slot length increases; and also the maximum reduction in

Slot scour depth equals to 49%. The technique of dimensional analysis was used, and based on laboratory

Scour Reduction
Circular Pier

Dimensional Analysis and observed data.

results an empirical formula was derived by using IBM SPSS statistics v24 software. The coefficient of
determination (R2) was determined to be (0.961), There was a good agreement between the predicated
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NOMENCLATURE

BR v v Mean velocity of approach flow

D, Pier diameter v/v.  Flow intensity

die Sediment size for which 16% of the particles are finer v, Critical flow velocity for sediment entrainment

dsg Median particle size Ve Mean approach velocity at the threshold condition

dga Sediment Size for which 84% of the Particles are Finer Wy Slot width

d, Maximum scour depth below the bed level y Flow depth

E, Pier Froude number Zg Sinking depth of slot

t Scouring time gy Geometric standard deviation of sediment size distribution
u Dynamic viscosity of fluid

1. INTRODUCTION

Bridges across rivers are very important form for a
country to achieve the physical communication. The
major causes of a bridge failure are due to foundation,
structural and hydraulic failures but majority of bridge
failures as yet had been due to hydraulic conditions. Pier
scour is the major possible causes of hydraulic failures of
a bridge particularly in alluvial channels where the
riverbed scours. Scour is defined as “a natural
phenomenon caused by the erosive action of flowing
stream on erodible beds” according to Wang [1]. On the
other hand, Chiew [2] defined local scour as “a decrease
in bed elevation in the vicinity of an obstruction as a
consequence of the flow influence of the obstruction”.
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Exorbitant scour can cause bridge breakdown, the
interruption of traffic activity and possibly deaths. The
potential losses from bridge failures and the need to
safeguard against the same have encouraged for better
understanding of the scour process and for better scour
protection methods and equations. The capability to
secure bridge pier against scour is a vital issue in bridge
safety. For control of scouring around bridge piers the
used methods can be classified into two types: (1) Direct
methods, through increasing the resistance of streambed.
This is usually done by using riprap, gabions, cable-tied
blocks and etc. around the piers [3-4]. (2) Indirect
methods. In these methods, the flow pattern around the
piers is modified to reduce shear stresses on the riverbed,
and consequently reduce the depth of the scour hole.
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Flow altering devices used to protect piers against local
scour include internal openings through the pier, one of
these method is slot [5-7]. Grimaldi et al. [8] indicated
that the values of scour depth are always smaller in the
experiments with slots than without. The slot affects the
local scouring from the beginning of the process,
irrespective of the value of Z_s/h . This countermeasure
seems to control short-term as well as long-term scouring
at bridge piers. Tafarojnoruz et al. [9] studied the
effectiveness of slots with three sinking depth Z, (Z,=
h/2, h/3, h/6, where h = undisturbed approach flow
depth); and the maximum efficiency was (33.2%) for
(Zs= h/2). Since the development of scour process is
governed by many factors, the exact protection against it
is difficult in practice. Therefore, this research is
concerned with an experimental study of the use of a slot
for protection against pier scour. The study objectives are
to investigate the local scour around circular pier with a
rectangular slot of different lengths with round edges,
and derive a formula to predict the maximum scour depth
around the pier with slot by using the experimental data
and with help of dimensional analysis techniques.

2. SCOURING AROUND PIER WITH PROTECTION
USING SLOT

The mechanisms of scouring and flow pattern around a
bridge pier are very complex and have been described by
various investigators [10-14]. The vortex is made by a
mix of main flow at the upper stream segment of the pier
and potential flow at the downstream way along the front
surface of the pier. Dargahi[11] and Tanaka [15]
explained that the local scour size is related to size and
strength of the vortex flow. Local scour around a pier
occurs because of the down flow at the upstream face and
the horseshoe vortex at the base [16-17]. Separation of
flow stream at the sides of the pier also creates the wake
vortices [10]. Figure 1 shows the flow and scour pattern
around a cylindrical pier [18].

Surface Roller -

Figure 1. Flow and scour pattern around a cylindrical pier
[18]

Reduction of scouring can be achieved by using a slot
through the pier, which helps to pass most of the flow
through it, as it leads to the reduction of the strength of
the vortex flow (down-flow and horseshoe vortex) and
this causes reduced scour depth.

3. DIMENSIONAL ANALYSIS FOR PIER PROTECTED
BY SLOT

The dimensional analysis technique is very important
before experiments to find out the most important
variables that affect the depth of scour which is the
subject of this study. Therefore, the dimensional analysis
was performed first and then the experiments were
carried out accordingly.

The geometry of scour around a circular pier
protected by slot depends on flow conditions (approach
depth and velocity), fluid parameters (density and
viscosity), sediment properties (grain size, sediment
density and geometric standard deviation), pier
characteristics (pier diameter), channel geometry
(channel width), time, and slot characteristics (slot
length, slot width and location in the bed). Therefore, for
using a slot as a protection device, the scour depth would
be as function of the following parameter:

(ds):f(yv v, V¢, g1 Py K d50! Ps: agl Dpv Sx Br tv 151 1
W, 7.) )
S “s

in which y=flow depth, v= mean approach flow velocity,
v.=critical velocity, g= gravitational acceleration, p=
density of the fluid, p= dynamic viscosity of fluid,
dsp=median particle grain size, p,= density of the

0.5
sediment ag:(d34/ d16) =geometric standard deviation

of sediment size distribution, d,s= sediment size for
which 16% of the sediment is finer, dg,=sediment size
for which 84% of the sediment is finer, p,=pier diameter,
S= slope of the channel, B=channel width, t=scouring
time, w,= slot width, ;= slot length and z;=sinking depth
of the slot.

From the above equation, it can be shown that ag is
a dimensionless term. Using dimensional analysis,
Equation (1) can be written from Buckingham -
theorem:

F(ds/Dy, y/Dp, vc/v, Dpg/v* vD,p/u, ?
dSO/DprVDpps//-lx ngS/Dpr/Dp-t/te)

After simplification and eliminating the parameters with
constant values and applying the following
considerations to Equation (2): (1) og < 1.5 for uniform
sediment with Dp/d50>25, this ratio can be excluded
from the scour formula [19], (2) Horizontal channel floor
without any inclination, (3) for B/Dp > 10, side-wall (or
blockage) effects due to pier presence are negligible [20],
(4) constant slot width and sinking depth, (5) and it is
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independent of dimensionless time at equilibrium
conditions. So Equation (2) can be written as:

ds/Dp zf(Y/Dp- ve/v. Dp g/UZ_ ls/Dp) (3)

From the above equation, the scour depth ratio (d,/D,)
for pier protected by slot varies with flow depth ratio
(y/Dp), flow intensity (v./v), pier Froude number
(D, g/v?), and slot length ratio (I;/D,) the schematic
diagram of slot is shown in Figure 2.

4. EXPERIMENTAL WORK

Experiments were done at the Hydraulic Laboratory of
Civil Engineering Department, University of Basrah. The
main channel consisted of 5.72 m long and 0.61 m width.
The discharge measurement was done by a sharp crested
full width weir fixed at the upstream section of the flume.
Both bed profile and depth of flow were measured by a
point gauge having an accuracy of £1 mm. Some coarse
gravel was spread on specific length of the upstream side
in order to distribute the inflow uniformly. A tail gate was
situated at the end of the channel to control the flow depth
at desired levels.

The sediment used in all tests was uniform sand with
a mean size diameter d_50=0.34 mm and its grain size
distribution curve is shown in Figure 3. The geometric
standard deviation of the grain size distribution was1.296
less than 2, that were selected to maintain clear water
condition without formation of ripple according to
Hoffmans [21]. Length of working section equals to 1.8
m and its thickness equals to 8 cm.
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Figure 2. Schematic diagram of slot
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Figure 3. The grain size distribution curve for sediment that
used in test
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To avoid wall effect on scouring process, “the pier
diameter should not be more than 10% of the flume
width” [22]. Therefore, in this study a circular pier of
diameter 40 mm made of wood with smooth surface was
used.

Experiment of equilibrium time was done at two
different flow intensity (U/vc), The critical velocity was

evaluated from Melvill's equations [23] as follows:

Y/, = 5.75109(5.53y/dso) @)

v, = 0.0115 + 0.0125d%; (5)
0.1mm < dgg < Imm

The results are shown in Figure 4; it can be seen that
approximately 95% of scouring [24] occurs during the
first 2 hours. Therefore, in all experimental runs, duration
of 3 hours was selected for each run at which equilibrium
time conditions occurs.

5. PIER SLOT MODELS

In each pier used in the experiments, the slot was
obtained by drilling a vertical rectangular opening with
round edges opening through the center of the pier. The
slots have a constant width equal to (1/4 pier diameter)
to achieve the optimum condition according to Grimaldi
[8]. The sinking depth of each slot is equal to (1/2 slot
length ). Experiments were conducted to five different
lengths of slot (3, 3.5, 4, 4.5 and 5 cm) to establish the
aims of this work, as shown in Figure 5.
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Figure 4. Scour depth variation with different duration

A

Figure 5. Models of pier with slot, with different lengths of
slot (I5), A=5cm, B=4.5cm, C=4cm,D=3.5 cmand E=3
cm
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6. RESULTS AND DISCUSSION

At the conclusion of each run, the scour depth was
estimated utilizing point gauge. The impact of various
factors on scour depth and relating exchanges is
discussed as follows:

6. 1. Variation of Scour Depth with Flow Depth,
Flow Velocity and Pier Froude Number Variation
of scour depth with variation of flow depth, flow velocity
and pier Froude number around bridge pier with and
without slot protection was analyzed by plotting scour
depth against each variable and keeping other factors
constant. Figure 6 shows the scour depth variation with
flow depth, it indicates that the increase of flow depth
causes an increase in scour depth in front of the pier even
with slot protection. The reason behind that is decreasing
effect of bow wave that appears in the free surface and
rotating in the opposite direction of the horseshoe vortex.

Figure 7 shows scour depth variation with flow
velocity, it indicates that the increase in scour depth in
front of the pier because of the increase of flow velocity
even with slot protection. Increased flow velocities in
front and sides of the pier lead to increase the capacity of
flow to produce the scour hole by entraining sediment
particles. While results indicated that scour depth
increases with increasing pier Froude number.

6. 2. Scour Depth Variation with Length of Pier
Slot The slot was located at the center of the pier
with constant slot width (ws =D,,/4), as shown in Figure
8. Five slot lengths were used in order to deduce the
effect of slot length on the scour depth. Actually, the slot
diverts portion of the down-flow through its opening,
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Figure 6. Scour depth variation with flow depth
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resulting in a reduction of the scour depth. In pier slot
tests, the scouring process was just like that of an
unprotected pier. It began from the pier upstream sides
and then extended all around it. Figure 9 indicates the
decrease of scour depth in front of the circular pier
because of increase in slot length for five different slot
lengths.

7. DEVELOPMENT OF NEW FORMULA

The computer package IBM SPSS Statistics (Statistical
Package for the Social Sciences) was used to make
analysis for the slot equation derived from dimensional
analysis through a non-linear regression analysis. In
order to generalize the experimental results to form a
relationship that includes the effects of slot lengths, about
80% of the experimental data used to conduct the
analysis and reached the following; model:

ds/Dy = co * {7/ Dp)" * (w/ve)% * (F,) =

(1/D,)™) (6)

(b)
Figure 8. Pier protection by slot with length: (a) during run,
(b) after run
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Figure 9. Variation of scour depth with slot length
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The SPSS Nonlinear Regression Analysis, gives the
following values for the constants

co = 0415 ¢; =0.989 ¢, = 2.06 c; = —0.749

c, = —0.358

So, the equation becomes:

ds/D, = 0415 % ((y/D,)"%% = (v/1,)2%6 = -
(Fp)—0.749 " (lS/Dp)—O.SSS}

The determination coefficient (R?) for this formula is
(0.961).

The remaining 20% of experimental data is used to
test the above equation. To show the agreement between
the predicted and the observed records, a statistical
comparison is used, as shown in Figure 10.
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Observed scour depth (ds/Dp)

(ds/Dp)
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Figure 10. Comparison of Equation (7) between SPSS and
experimental data

8. CONCLUSION

This study deals with the protection of bridge piers
against local scour by using a device called slot. Slot is
an opening in the pier as it was studied, where several
slot lengths were considered. Experiments were
conducted in a laboratory channel under clear water
conditions. The important results have been reached are
that; the depth of scour has a direct relationship with both
of flow depth and flow velocity, and as a result each of
them effect on the capacity of the flow to cause scour.
When a slot is used as a scour countermeasure, the slot
diverts portion of the down-flow through its opening,
resulting in a reduction in scour depth. The experimental
runs have shown that the efficiency of slot in scour
reduction increases with the length of slot. The efficiency
of scour reduction increased from 31 to 49% with
increased length of the slot and keeping all other
parameters constant.

Dimensional analysis technique was used to identify
the important variables to be studied in laboratory
experiments and an empirical formula also reached to
estimate the scour around bridge piers when using a slot.
The formula gave a good determination coefficient, and
the results of the calculated data were in good agreement
with the measured data.

9. REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

Wang, C., Yu, X. Liang, F., A review of bridge scour:
mechanism, estimation, monitoring and countermeasures.
Natural Hazards, Vol. 87, No. 3 (2017) 1881-1906.
doi:10.1007/s11069-017-2842-2.

Chiew, Y. M., Melville, B. W., Local scour around bridge piers.
Journal of Hydraulic Research, Vol. 25, (1987), 15-26.

Parker, G., Toro-Escobar, C., Voigt, R.L., Countermeasures to
protect bridge piers from scour. Final Report NCHRP Project 24—
7. Transportation Research Board, Washington, DC, (1998).

Lagasse, P. F., Clopper, P. E., Zevenbergen, L. W. and Girard, L.
G., Countermeasures to protect bridge piers from scour. National
Cooperative Highway Research Program (NCHRP) Rep. No.
593, Transportation Research Board, Washington, D.C., (2007).

Abd El-Razek, M., Abd EI-Motaleb, M., Bayoumy, M., Scour
reduction around bridge piers using internal openings through the
pier. Proc. 30th IAHR Congress, Thessaloniki, C2, (2003), 285—
292.

Haque, M.A., Rahman, M.M., Islam, G.M.T., Hussain, M.A.,
Scour mitigation at bridge piers using sacrificial piles.
International Journal of Sediment Research, Vol. 22, No. 1,
(2007), 49-59.

Razi, S., Salmasi, F., Hosseinzadeh Dalir A., and Farsadizaeh, D.:
Application of Bed Sill to Control Scouring Around Cylindrical
Bridge Piers. Journal of Civil Engineering and Urbanism, Vol.
2, (2011), 115-121.

Grimaldi, C., Gaudio, R., Calomino, F., and Cardoso, A. H.:
Countermeasures Against Local Scouring at Bridge Piers: Slot
and Combined System of Slot and Bed Sill. Journal of Hydraulic
Engineering, Vol. 135, No. 5, (2009b), 425-431.

Tafarojnoruz, A., Gaudio, R., and Calomino, F., Evaluation of
Flow-Altering Countermeasures against Bridge Pier Scour.
Journal of Hydraulic Engineering, Vol. 138, No. 3, (2012).

Raudkivi, A. J., Functional trends of scour at bridge piers.
Journal of Hydraulic Engineering, Vol. 112, No. 1, (1986), 1-
13.

Dargahi, B.: Controlling mechanism of local scouring. Journal
of Hydraulic Engineering, Vol. 116, No. 10, (1990), 1197-1214.

Dey, S. Bose, S. K. and Sastry, G. L. N., Clear water scour at
circular piers: A model. Journal of Hydraulic Engineering, Vol.
121, No. 12, (1995), 869-876.

Dey, S. and Raikar, R. V., Characteristics of horseshoe vortex in
developing scour holes at pier. Journal of Hydraulic
Engineering, Vol. 133, No. 4, (2007), 399-413.

Afzali, S. H., New Model for Determining Local Scour Depth
Around Piers. Arabian Journal for Science and Engineering,
vol. 41, No. 10, (2016), 3807-3815.

Tanaka, S. and Yano, M., Local scour around a circular cylinder.
Proc., 12th IAHR Congress, Delft, The Netherlands, 3, (1967),
193-201.

Muzzammil, M., T. Gangadharaiah, and A. K. Gupta. "An
experimental investigation of a horseshoe vortex induced by a
bridge pier." In Proceedings of the Institution of Civil Engineers-
Water Management, Vol. 157, No. 2, 109-119. Thomas Telford
Ltd, 2004.

Kumar, V., Ranga Raju, K.G., Vittal, N., Reduction of local scour
around bridge piers using slots and collars. Journal of Hydraulic
Engineering, ASCE, 125, (1999), 1302- 1305,

Jahangirzadeh A., Basser H., Akib S., Karami H., Naji S,
Shamshirband S., Experimental and Numerical Investigation of
the Effect of Different Shapes of Collars on the Reduction of
Scour around a Single Bridge Pier. PLoS One Vol. 9, No. 6:
€98592 (2014). doi: 10.1371/journal.pone.0098592



19.

20.

21

N. A. Obied and S. I. Khassaf / IJE TRANSACTIONS B: Applicatios Vol. 32, No. 2, (Febraury 2019) 284-291

Melville, B.W. and Sutherland, A.J., Design Method for Local
Scour at Bridge Piers. Journal of Hydraulic Engineering,
Vol.114, No.10, (1988), 1210-1226.

Chiew, Y.M., Melville, B.W., Local Scour Around Bridge Piers.
Journal of Hydraulic Research, Vol. 25, No. 1, (1987), 15-26.

Hoffmans, G.J.C.M. and Verheij, H.J., Scour manual. A.A.
Balkema, Rotterdam, The Netherlands, (1997).

22.

23.

24.

Chiew, Y.M., Scour protection at bridge piers. Journal of
Hydraulic Engineering, ASCE, Vol. 118, No. 9, (1992), 1260-
1269.

Melville, B.W., Pier and Abutment Scour: Integrated Approach.
Journal of Hydraulic Engineering, Vol. 123, No. 2, (1997), 125-
136.

Ettema, R., Scour at bridge piers. PhD Thesis, Auckland
University, Auckland, New Zealand, (1980).

Experimental Study for Protection of Piers Against Local Scour Using TecHNICAL
Slots

N. A. Obied, S. I. Khassaf

Department of Civil Engineering, University of Basrah, Basrah, Iraq

NOTE

PAPER INFO

Paper history:
Received 8 October 2018

Received in revised form 04 November 2018
Accepted 03 Januray 2019

Keywords:

Slot

Scour Reduction
Circular Pier

Dimensional Analysis

@ Ol s s e 4 LT sledalosT candllas 55 il oms s b CnSE e o age
A5 bl SelaT O 0l Loyl 5 ot (6l sl gl s (Sl Gos 2alS 55 blim oo S 0l 5e
ﬂuuguj_-ﬂu.ucw Bl s G Olge 0 Pl 5 5 L gl o pls AUl 55 Exed Ges anwy Ol
S laalin o ol ol S ate Conlis aslas 3551 5 5 033k annloes (IS il gla Jsb Sl eslizad

W 288Gl Sl Gas (S Sl iames 5 0L e GRSl ok (il s 0 (Sl Ges

)\yxpgjmu;.ﬂnp&ﬁaJ,ﬁ;&{.f@uj@ufuﬁ}w;,bsuum;,,&;w&b@%ﬁu:,)

5ok S e sla sy e s 3Bl AT e s (R2) s o, ol cews & SPSS V24 ¢ LT

doi: 10.5829/ije.2019.32.02b.05

ols S ol sdalie




