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Abstract— Along a river, local scour can causes bridge collapse. Therefore, several investigations have been performed to find the best 

pier shape as a local scour countermeasure. Also, developing equations to forecast the depths of local scour around piers is important for 

safe design of bridge piers' foundation. As a result, developing pier scour equations is the main goal of this paper. Those equations are 

related to piers has side slope namely, semi-conical piers and semi-conical piers with upstream curved face. As well, the type of 

relationship between the dependent parameter (the normalized scour depth) and independent parameters (Froude number, flow intensity, 

angle of side slope and normalized Arc height) of developed equations in this paper is clarified. 
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1 INTRODUCTION                                                                     

ONSTRUCTION of bridges along a river leads to local 
scour. Local scour is the removal of bed material around 
an obstacle submerged in flow field.  The local scour can 

cause a number of problems because it works to locally modi-
fy the river’s equilibrium. The possible undermine of piers 
foundations due to local scour represents the biggest danger. 
This type of scour can cause bridge collapse. If disaster of 
bridge collapse occurs, the prices related to human life in ad-
dition to economic resources are often very high [2]. 

A shape of bridge piers has a significant influence on local 
scour [2]. Therefore, several investigations have been per-
formed to find the best pier shape as a local scour counter-
measure. For example, Mostafa (1994), cited in [12], has meas-
ured the depths of local scour for a variety of different pier 
shapes. Pier shapes in his study have identical projected 
width. His results have shown that the least scour is achieved 
by using the circular pier. Also, the scour depth achieved by 
an aero foil shape of bridge pier is less than its counterpart 
resulted by the circular pier [6], [3]. Furthermore, the scour 
depth caused by position of bridge pier according to flow di-
rection is less than its counterpart related to circular pier [2]. 
Finally, the semi-conical pier produces scour depth less than 
its counterpart related to the vertical cylindrical pier [9]. 

The accuracy of maximum scour depth at bridges is very 
important for safe design of their foundation [14].  Developing 
equations, which based on a multiple regression analyses, is 
useful to forecast the depths of local scour around piers [15]. 

In this paper, the main objective is to develop empirical 
equations to forecast the maximum scour depth around piers 
with side slope which referred to as semi-conical piers and 
semi-conical piers with curved face. In addition, the type of rela-
tionship between the dependent and independent parameters 
of developed equations is illustrated. 

2  LITERATURE REVIEW  

Piers with side slope are denoted as semi-conical or conical 
piers (cone shaped piers). In relative to existent studies, there 
are differences in depths of scour around cone shaped piers 
compared with their counterparts of cylinders. According to 
[8], the local scour around the circular shaped pier and conical 
shaped piers with different side slopes has been assessed. The 
local scour as well has been assessed with the same aforemen-
tioned piers but these piers are with slot. All experiments with 
the test duration of 8 hours have been run at conditions of 
clear water and steady flow by using uniform sediment 
(sand). They have pointed out that the scour depth and vol-
ume around conical shaped piers with or without slot are re-
duced in relative to their counterparts around  the circular 
shaped pie with or without slot. 

As mentioned by [16], an experimental study has been per-
formed to investigate the scour development around semi-
conical piers and illustrate the impact of their side slopes on 
scour depth. All experiments have been performed on ellipti-
cal and circular piers with different side slope angles under 
the condition of steady flow, clear water and test duration of 
24 h. The results have revealed that pier with small side slopes 
can even reduce the depth of scour at upstream and down-
stream side of pier. Moreover, the depths of scour, related to 
the pier with largest angle of side slop and with circular sec-
tion, are decreased about 36% & 53% at upstream side and 
downstream side of pier respectively in relative to their coun-
terparts related to the circular cylinder. 

  
As stated by [9], an experimental study have been con-

ducted to assess the local scour around both of the vertical 
cylindrical pier and semi-conical piers and around both of the 
semi-conical pier and semi-conical piers which integrated with 
a number of devices as leading edge. Semi-conical piers have 
been subjected to a number of modifications to make their 
usage in the field applicable (Fig.1). Also, semi-conical piers 
with different small angles of side slope (2.860, 5.70 & 8.50), 
rectangular section, and constant base (D2) are used. To im-
prove the efficiency of modified semi-conical pier in reducing 
the local scour, a number of devices were incorporated with 
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the leading edge of this pier. All experiment have been run 
under condition of steady clear water with test duration of 4 
hours. The results have shown that the maximum decrease 
(25% and 60% respectively) in depth and volume of scour are 
observed for semi-conical pier in relative to the cylindrical 
pier. Also, the maximum decrease (37.8 & 68% respectively) in 
the depth and volume of scour are observed for semi-conical 
pier with upstream curved face device (Fig.2) compared with 
the semi-conical pier without this device.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In Fig.1, D1 and D2 are the diameter of pier at water surface 

and bed level respectively. α and y are the side slope angle 
and the approach flow depth. In Fig.2, Rc, which suggested to 
equal to D2-D1, is the arc height of curvature and it is intro-
duced as the horizontal distance which begins from the nose 
of pier to inside the body of pier. The curvature begins from 
water surface level to bed level. 

In this paper, piers in Fig.1. & Fig.2. are taken into consid-
eration to develop pier scour equations. 

3 EXPERIMENTAL SET-UP 

All experiments have been run at a rectangular straight 
flume with dimension of 6.8m (length) × 0.74m (width) × 0.4m 
(height). This flume is located at the Hydraulic Laboratory, 
Department of Irrigation and Hydraulics, Engineering Faculty, 
University of Mansoura, Egypt. A rectangular weir, which 

placed at upstream of flume, has been used to measure the 
flow discharge. Furthermore, at the channel end, a tail gate is 
placed to control water depth. In addition, a mobile point 
gauge with an accuracy of ± 0.1mm  has been used to measure 
the scour depth, bed levels, and water depth. Fig. 3 shows the 
experimental set-up. 

 
 
 
 
 

 
 
 
 
 
  

 
 

4 BED MATERIAL  

Sand with 10 cm thickness has been spread along more than 
90% of flume bed. Therefore, the width and length of tested 
section are 0.74 and 6.1 m respectively. Moreover, the sand 's 
characteristic properties are: the geometric standard deviation 
(σg) = 2 and the median size of particle (d50) = 0.71 mm. So, the 
bed material is classified as the non-uniform due to σg>1.3 and 
armoring happens in the scour hole and on the bed of channel 
as mentioned by stated by Melville (1997), cited in [15]. 

5 PIERS 

All pier models are made of wood and they are painted with a 
glue material (varnish) to prevent a penetration of water when 
piers are used in the flume. Moreover, after sand leveling, 
piers have been mounted in the flume center with orientation 
0.0 degree to the flow direction to prevent the influence of 
flume sidewalls and to attain the condition of fully developed 
flow. Dimensions of used piers are clarified in TABLE 1 & 
TABLE 2. It should be mentioned that the length (L) of semi-
conical piers is selected depending on the ratio of (L/D=3), in 
which D is mean diameter equal to (D1+D2/2). As well, the 
lengths of semi-conical pier are not given in TABLE 1 & TA-
BLE 2 because they have no influence on local scour since an 
attack angle for all experiments has been kept constant.   

6 LAB PROCEDURES 

To achieve the aims of this paper, three depths of flow with 
their corresponding discharges are used. Also, all experiments 
subject to the condition of steady clear-water and test duration 
of 4 hours. According to [4] and [11], three or four hours can 
provide or show the maximum occurrence of local scour 
depth. This test duration has been proved during conducting 
the experimental work of this paper when the time develop-
ment of scour depth is almost asymptotic at the end of 4h. Fur-
thermore, because the used bed material is non-uniform, the 
formulas, which suggested by Melville and Coleman (2000), 

 

Fig. 1. The semi-conical pier. 

 

 

Fig. 3. Plan view and details of the experimental set-up. 

 

Fig. 2. The semi-conical pier with upstream curved face. 
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cited in [7], are used to find the critical shear velocity and its 
corresponding critical velocity. These formulas are as follows:- 
  

 

In which:- Va is the critical mean velocity and it is used to 
mark the transition from condition of clear-water to the condi-
tion of live-bed for non-uniform sediments transported by the 
flow, Vca  is mean velocity of approach flow beyond which the 
armoring of the non-uniform sediment bed is not possible, u*ca 
is the critical shear velocity, d50a is size of median armor, and 
dmax is size of maximum particle and it is obtained from the 
particle size distribution curve. 

7 THEORETICAL APPROACH 

To develop equations of pier scour, the dimensional analysis has 
been applied. As pointed out by [5], the local scour depth at the 
pier of bridge can be linked to some variables, which illustrated 
in Eq.(6), as its independent variables. 

 

In which, ds is the maximum depth of local scour; ρ and ν 
are the fluid density and the kinematic viscosity respectively; g 
is the gravity acceleration; y is the depth of approach flow; σg 
is the geometric standard deviation of the distribution of sed-
iment particle size; d50 is  the median size; V is the velocity of 
mean approach flow; Vc is the critical mean approach velocity 
for the bed sediment entrainment; ρs is  the density of sedi-
ment; Al and ShSh are parameters describing the pier align-
ment and the pier shape respectively; T is the time; D is the 
width of pier; and f1 is “a function of”. 

Another independent variable is added to Eq.(6) to show 
its effect on the scour depth. This variable is the side slope 
angle (α). Previously, adding the angle to the independent 
variables of local scour depth has been adopted by research-
ers. For example, [10] has studied the influence of inclination 
angle on maximum local scour depth. The inclination angle is 
related to inclined circular piers. According to [14], the in-
clined circular pier is considered as alternative to semi-conical 
pier. Consequently, Eq.(6) can be re-written as follows:  

 

The Buckingham’s π theorem and the repeating variables 
(ρ,V,y) are used for Eq.(7) to obtain a new dimensionless func-
tional relationship as follows: 

 

Eq.(8), as well, can be rearranged to be: 

 

Eq. (9) can be simplified if the following assumptions are 
adopted: 

 (VT/D) can be ignored if the duration of flow is long 
enough and the depth of equilibrium scour is studied 
[10].  

 For fully turbulent flow, the effect of Reynolds num-
ber is neglected. Hence, (Vd50/ν ), which is the particle 
Reynolds number, can be ignored [10].  

 (σg) can be ignored if the properties of bed material 
are not changed [10].   

 (ρs/ρ) can be ignored if densities of sediment and flu-
id are kept constant [5].  

 Alignment factor (Al) can be ignored if the attack an-
gle in all experiments is kept equal zero degree. 

 In the present research, the shape factor (ShSh) is ig-
nored because the change in pier shapes is due to the 
change in the side slope angle and not due to use dif-
ferent pier shapes having similar perpendicular 
width relative to the flow direction. 

After simplifying Eq.(9), the next equation can be consid-
ered: 

 

Due to the effect of armoring, (Vc) in Eq.(10) can be substi-
tuted by (Va). Also, the Froude number (V2/gy ) is expressed 
usually as (V/(gy)0.5) [13]. So, Eq. (10) can be expressed as fol-
lows:  

 

Another equation is derived to expect the depth of maxi-
mum normalized scour which resulted by semi-conical pier 
with curved face (illustrated in Fig.2). This equation is ex-
pressed as follows: 

 

 

In which Rc is Arc height of curvature as mentioned and 
shown previously in Fig.2. 
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8 RESULTS AND DISCUSSION  

8.1 The Semi-conical Piers 

In the multiple regression analyses, β is used instead of α in 
Eq.(11) to avoid the zero degree angle as shown in TABLE 1. β 
is equal to 900 - 𝛼 and it is inserted in radians. Therefore, Eq. 
(11) can be expressed as follows: 

 

In the present paper, the effect of flow intensity (V/Va ) and 
Froude number (Fr = V/(gy)0.5) on (ds/y) is examined separately 
with different side slope angle. This procedure has been pre-
viously adopted in previous studies, [14], and [15]. Therefore, 
two equations can be obtained from Eq.(13) as follows: 

 

The following two equations are considered instead of Eq. 
(14 & 15) because they are a desired form for the experimental 
results which related to this paper. 

 

C, C1 & C2 in Eq. (16) & Eq.( 17) are constants and they are 
determined using multiple regression analysis. Therefore, 
Eq.(16 & 17) are expressed in a general form of equation of 
multiple regression (as illustrated in Eq. (18 & 19)). 

 

After values of C, C1 & C2  are determined, the following 
two equations are obtained: 

 

 
The aforementioned equations are developed using more than 
65% of observations (dependent parameter, ds/y) and their 
corresponding independent parameters (V/Va ,Fr, β) that are  
revealed in TABLE 1. 

It can be pointed out that there is a good agreement in 
Fig.(4&5) between the observed and estimated values of (ds/y ) 
because most of these values closely converge on the line of 
perfect agreement (R2 = 1). 

 

 

TABLE 1 
DIMENSIONAL VARIABLES AND DIMENSIONLESS PARAMETERS USED 

FOR DEVELOPING EQUATION 20 & 21. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
To check the precision of measurements, Eq.(20) & Eq.(21) 

are used for the remaining observations, particularly for their 
independent dimensionless parameters to estimate their val-

 

Fig. 4. The comparison between all the normalized measured (ob-
served) scour (ds/y ) and those estimated (computed) by proposed 

Eq. (20). 

 

 

Fig. 5. The comparison between all the normalized measured (ob-
served) scour (ds/y ) and those estimated (computed) by proposed 

Eq. (21). 
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ues of (ds/y ). After that, the estimated values of (ds/y) are 
compared with their observed values as shown in Fig.6 & 
Fig.7. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
or Fig (8 & 10), the normalized scour (ds/y) is directly pro-

portional to the flow intensity (V/Va) & the Frude number 
(Fr). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
For Fig(9), the normalized scour depth (ds/y) is inversely 

proportional to the side slope angle (α). So, increasing the an-
gle of side slope leads to decrease normalized scour depth due 
to the reduction in the projected area of piers. According to [1], 
the scour depth at upstream pier is directly proportional to 
upstream projected area at nose of pier.     

 

8.2 The Semi-conical pier with Curved Face 

 
Eq.(12) subjects to the same previous assumption which 

adopted for Eq.(11). This assumption is to study the effect of 
each one (V/Va, Fr)  separately with (ds/y). So, following two 
equations are obtained from Eq.(12): 

 

To illustrate the final form for Eq.(22 & 23), multiple regres-
sion analysis and dependent parameter (ds/y) and their corre-
sponding independent parameters (V/Va,Fr, Rc/y) in TABLE 2 
are employed: 

 

Fig. 8. The variations of (ds/y ) with (Fr ) for all the side slope an-
gles. 

 

Fig. 9. The variation of (ds/y ) with side slope angle for all Froude 
numbers. 

 

Fig. 10. The variation of (ds/y ) with (V/Va ) for all side slope angles. 

 

 

Fig. 7. The comparison between the normalized measured and esti-
mated scour values of (ds/y) from Eq.(21) to check the validity of 

measurements. 

 

 

Fig. 6. The comparison between the normalized measured and 
estimated scour values of (ds/y) from Eq.(20) to check the validity of 

measurements. 
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Eq.(24 & 25) are developed using more than 65% of de-
pendent parameters (ds/y) and their corresponding independ-
ent parameters (V/Va, Fr, Rc/y) illustrated in TABLE 2. 
 

TABLE 2 
DIMENSIONAL VARIABLES AND DIMENSIONLESS PARAMETERS USED 

FOR DEVELOPING EQUATIONS (24&25) 

 

 
It can be stated that there is the good agreement in 

Fig.(11&12) between the observed and estimated values of 
(ds/y ) because most of these values closely converge on the 
line of perfect agreement (R2 = 1). 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
To check the precision of measurements,, Eq.(24) & Eq.(25) 

is used for the remaining observations, particularly for their 
independent dimensionless parameters to estimate their val-
ues of (ds/y ). After that, the estimated values of (ds/y ) are 
compared with their observed values (Fig.13 & Fig.14). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 11. The comparison between all the normalized measured (ob-
served) scour (ds/y ) and those estimated (computed) by proposed 

Eq. (24). 

 

 

Fig. 12. The comparison between all the normalized measured (ob-
served) scour (ds/y ) and those estimated (computed) by proposed 

Eq. (25). 

 

 

Fig. 13. The comparison between the normalized measured and es-
timated scour values of (ds/y ) from Eq. 24 to check the validity of 

measurements 

 

 

Fig. 14. The comparison between the normalized measured and esti-
mated scour values of (ds/y ) from Eq. 25 to check the validity of  

measurements 
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For Fig (15 & 17),  the normalized scour depth (ds/y) is di-
rectly proportional to the Frude number (Fr) & the flow inten-
sity (V/Va)  

 
For Fig(16), normalized Arc height of curved face is in-

versely proportional to the normalized scour (ds/y ). So, in-
creasing (Rc/y ) leads to decrease (ds/y) because the curvature 
works to elongate the direction of downward flow or the ap-
proach flow direction to the pier nose, and then to orient it to 
be reversed to the direction of coming flow instead of imping-
ing the material of bed nearby the pier nose. The elongation 
and orientation work to decrease a strength of the downward 
flow in impinging the bed material.  As stated by Melville and 
Raudkivi (1977) cited in [12], the down flow or downward in 
literature is considered the main agent of scouring. 

 
In the present paper, all experiments have been run at the 

condition of fully turbulent flow, so dropping (Vd50/ν) from 
Eq. (9) is justified. Also, all experiments have been subjected to 
test duration of 4 hours. Four hours are enough for the time 
development of scour depth to be almost asymptotic and to 
provide the equilibrium depth of scour. Hence, dropping 
(VT/D) from Eq.(9) is justified. As well, one bed material is 
used for all experiments, therefore dropping (σg, d50, ρs/ρ) from 
Eq.(9) are justified. Finally, the attack angle is kept to equal to 
zero degree, thus dropping Al from Eq.(9) is justified. 

9  CONCLUSION 

To ensure a safe design of bridge pier foundation, it is sig-
nificant to develop equations that can guess accurately the 
maximum depth of scour at bridge piers. Consequently, scour 
equations at bridge piers are developed in this paper. These 
equations are related to modified semi-conical piers and modi-
fied semi-conical piers with curved face. Finally, the sort of 
relationship between the dependent and independent parame-
ters of equations of this paper has been clarified to show the 
effect of independent parameters, namely the side slope angle, 
the Froude number, flow intensity, and normalized arc height 
of curve on the normalized depth of scour. 

NOTATION 

In this paper, the following symbols have been used: 
α= Side slope angle of semi-conical pier (degree); 

β= 90- α (degree) 

σg= Geometric standard deviation;  

D= Main diameter of pier (cm); 

D1 = Diameter of pier at the water surface level (cm); 

D2 = Diameter of pier at the bed level (cm); 

D50 = Median particle size (mm); 

D50a =Median sediment size for the possible coarsest armor 

(mm); 

dmax= Maximum particle size (mm); 

ds=Maximum scour depth around piers (cm); 

y=Approach flow depth (cm); 

 

Fig. 15. The variations of (ds/y) with (Fr) for all Arc heights (Rc/y). 

 

 

Fig. 16. The variations of (ds/y) with (Fr) for all Arc heights (Rc/y). 

 

 

Fig. 17. The variations of (ds/y) with (Va/V) for all Arc heights (Rc/y). 
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L= Pier length (cm); 
Q= Flow discharge (L/s); 

V= Mean velocity (m/s); 
Va= Critical mean velocity (m/s) for non-uniform sediment; 
Vca= Mean velocity of approach flow beyond which the armor-
ing of non-uniform bed is not possible; 
Vc= Critical mean approach velocity (m/s) for uniform sedi-
ment; 
Al & Shsh = Parameters describing the pier alignment and the 
pier shape, respectively; 
T= Time (s); 
ρ & ρs= Fluid and sediment densities; 
g= Gravity acceleration; 
υ= Kinematic viscosity; 
u*ca= Critical shear velocity; 
Rc=Arc height. 
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