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Abstract: The construction of bridge structure may require placement of bridge piers within the channel of natural waterways. 
These piers will obstruct the flow and may cause an increase in water level on upstream side of the bridge. This 
increase in water level has a negative impact on the stability of bridge and responsible for scouring action around the 
bridge pier. In the present work, the drag characteristics of different shape of piers having equal projected area with 
0.33 and 0.4 contraction ratios is studied under sub-critical flow conditions. The afflux, drag force, and coefficient of 
drag are determined for different discharge values and their variation with respect to Froude number is discussed. The 
experimental results suggest that use of Yarnell’s formula for backwater rise will over predict the rise in water level. 
A modification to the Yarnell’s equation is suggested through the introduction of co-efficient and its value is 
determined to match with experimental data. 
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1. INTRODUCTION 

Pier acts as the main support for a bridge, over which the bridge superstructure rests. The 
obstruction to flow within the channel is unavoidable whatever may be the shape of pier provided 
for supporting. The increase in the water level on the upstream side of the piers creates a negative 
impact on the stability of bridge and responsible for scouring action around the bridge pier. The 
amount of obstruction caused by a bridge pier depends mainly upon its geometric shape, its position 
in the stream, the quantity of flow, and the percentage of channel contraction. Investigation of how 
pier shape influences channel obstruction and hydraulic efficiency is an important issue in bridge 
design (Charbeneau and Holley, 2001). For sub-critical channel flow, which is the type of flow that 
exists in most of the rivers, the rise in the water level due to bridge piers and abutments is usually 
assumed to occur where the flow contraction begins upstream of the bridge. Drag forces on bridge 
piers cause energy loss in the flow and consequent water level increase on the upstream of the piers 
under subcritical flow conditions. The drag force on the water is equal and opposite of the force on 
the pier. The drag force is combination of friction drag and pressure drag. When the wake resistance 
becomes significant, one is usually interested in the total drag only, which is the case with bridge 
piers. The total drag can be calculated using momentum equation. Increase in drag force causes an 
increase in scouring action around the bridge pier and when the water level rise on the upstream 
equals to the pier height it may even result in upliftment of the deck slab. The drag force depends on 
the discharge, pressure and velocity on the upstream and downstream of the piers. A lot of research 
work has been undertaken on backwater effects from channel obstructions, and a few studies only 
related specifically to bridge piers (Charbeneau and Holley, 2001). Sreelash and Mudgal (2010) 
conducted an experimental study to establish the drag characteristics of cylindrical pier models with 
different slot-collar combinations. The review by Kothyari (2003) indicates that the scour around 
the bridge piers is strongly affected by diameter or width of the bridge pier, shape of the nose, and 
orientation of flow with respect to pier axis. El-Alty (2006) indicated that the backwater rise on the 
upstream side of bridges due to obstruction mainly depends on the type of the flow, discharge value, 
geometrical boundaries of the cross section at the bridge site and the pier shape co-efficient. In the 
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present study an attempt is made to evaluate the water level change due to bridge piers and to study 
the nature of the variation of water surface upstream of the piers. Also, the co-efficient of drag with 
respect to pier shape is evaluated. Subsequently variation of experimental values of ∆y/y with 
empirical relation given by Yarnell in 1934 for higher values of contraction ratio is studied and a 
modified Yarnell equation to suit higher values of contraction ratio of 0.33 and 0.4 is proposed to 
reduce the difference between empirical and experimental values. 

2. THEORETICAL BACKGROUND  

The increase in water level on the upstream side of bridge due obstruction of piers is shown in 
Fig.1. The drag forces acting on the piers cause energy loss in the flow and consequently water 
level increases. In the open channel, the drag consists of three components namely, surface, form 
drag and wave drag. The surface drag is due to the shear stress acting on the surface of the piers and 
whereas standing surface wave on the pier creates wave drag. The form drag is the results of 
difference between high pressure on the upstream side at stagnation zone and low pressure on the 
turbulent wake region in the downstream side. The rise in pressure on the upstream side is due to 
conversion of kinetic energy of flow to potential energy at the stagnation point. The form drag 
depends mainly on the geometry of the body, location of separation and reattachment points at the 
downstream side. Generally, shear and wave drags are negligible when compared with the form 
drag. On the assumption that the velocity distribution is relatively uniform at each cross section 
with negligible channel slope, and neglecting boundary friction the drag experience by the pier 
model is obtained by applying the linear momentum equation as follows: 

( )1221 VVQFPP d −=−− ρ   (1) 

where P1 and P2 are the hydrostatic pressure forces on the upstream and downstream respectively, 
Fd is the drag force on the model, ρ is the mass density, Q is the discharge, V1 and V2 are average 
velocities on the upstream and downstream 

The drag force Fd is given by: 
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where Cd is the coefficient of drag and A is the projected area (i.e. dy1) of the model obstructing the 
flow, d is the width of the pier and y1 is the upstream flow depth. 

The Froude number is calculated using: 

gh
VFr =  (3) 

where Fr is the Froude number, V is the average velocity, h is the height of water level and g is the 
acceleration due to gravity.  

The pier Reynolds number is defined by the following equation: 
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where v is the flow velocity, Bp is the Breadth of the pier and υ is the kinematic viscosity of water. 
Yarnell equation for backwater rise in the river is an empirical equation developed by Yarnell 

(1934) using 2600 laboratory experiments by changing the shape of the piers, the width, the length, 
the angle and the flow rate. It is most widely used equation for calculating the increase in the water 
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level due to bridge piers. The equation estimates the water surface elevation at just upstream of the 
bridge for given water surface elevation just at the downstream of the bridge and the shape of the 
piers. The equation is sensitive to the pier shape, area obstructed by the piers and the velocity of the 
flow. But, it does not account the shape of bridge opening, shape of the abutment and wing walls. 
Hence, it is suitable at which energy losses are mainly due to the piers. 

The ratio of backwater rise to the undisturbed water level under sub-critical flow condition is 
given by: 
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where: 
Δy is the backwater generated by the bridge pier (h1-h2). 
y is the undisturbed local flow depth at the downstream (h2). 
Fr is the corresponding Froude number downstream of piers. 
α is the ratio of the flow area obstructed by the piers to the total flow area downstream of the 
piers. 
K is a coefficient reflecting the pier shape. 

 
The Yarnell’s was brought the pier of different shapes to three common nose and tail conditions 

such as circular, square, and triangular nose and tail and its shape coefficient K is given in the 
following Table 1. 

 
Table 1. Shape coefficient. 

Pier shape Shape coefficient 
Semi circular nose and tail 0.9 
Triangular nose and tail 1.05 
Square nose and tail 1.25 

3. EXPERIMENTAL SETUP  

The pier models of different shapes having the same projected area for different contraction 
ratios of 0.4 and 0.33 are made using wood. The shapes are circular, rectangular, elliptical, 
rhombus, rectangular with triangular nose and tail, rectangular with semi circular nose and tail. Two 
models of triangular ends having varying lengths of the triangular portion were made to study its 
effect.  

Experimental investigation was carried out in a hydraulic tilting flume of size 4m x 1.5m. The 
flume consists of a rectangular channel with transparent side walls. Water from the supply pump is 
supplied to the flume inlet section through a gate valve and a flexible hose. This water after passing 
through the stabilization zone and it flows through the transparent test section and returns to the 
sump tank. Discharge was measured using orifice meter provided at the inlet pipe. The height of the 
water levels both in upstream and downstream of the channel after the placement of the pier is 
measured using pointer gauge. Flow rate is controlled by a valve available next to the pump. The 
maximum discharge that could be produced in the flume is 0.006m3/s. The bed of the flume is kept 
horizontal for all the experiments. The sub critical flow condition is created and Reynolds number is 
maintained within the range of 1x104 to 2.2x104. The depth of flow at the upstream and downstream 
is measured at the control points as shown in the Fig. 2. 
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Fig. 1. Schematic profile of the river in the vicinity of the pier. 
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Fig. 2. Position of measurement at upstream and downstream depths. 

4. RESULTS AND DISCUSSION 

From the results of the experiments carried out on models of various shapes it was found that the 
rectangular shape is the one having maximum drag force. Table 2 shows the details on the 
percentage reduction of drag force for all the shapes of piers for contraction ratios 0.33 and 0.4 over 
the rectangular model. It is found that rhombus shaped pier model gives the lowest drag force and 
rectangular shaped model gives the highest drag force value for α = 0.33. But, in case of model with 
0.4 contraction ratio, elliptical shape pier has the lowest drag force and rectangular shaped pier 
model gives the highest drag force value. When width of pier structure increases, the gap between 
the pier and apartment wall or another pier wall reduces. This reduction in the gap is more gradual 
in elliptical pier than the rhombus shaped pier. Hence the wake formation at the downstream side of 
the elliptical pier is minimum due to onset of boundary layer separation is shifted further 
downstream than that of same shape pier with contraction ratio of 0.33. And hence, it results in 
more decrease in the drag force over the elliptical pier.  
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Table 2. Percentage decrease in drag force for various pier shapes over the rectangular pier . 

Shapes Contraction ratio 0.33 Contraction ratio 0.4 
Rhombus 70.24% 60.64% 
Circle 52.36% 59.50% 
Rectangular with triangular nose and tail 49.24% (θ=90o) 36.63% (θ=90o ) 
Rectangular with triangular nose and tail  46.49% (θ=71.07o) 35.64% (θ=73.7o ) 
Elliptical 45.57%  68.46% 
Rectangular with semi circular nose and tail  37.74%  44.06% 
Square 31.19% 19.52% 

 
The variation of drag force with respect to discharge is plotted and it is found that drag force 

increases with increase in discharge for both contraction ratio (Fig. 3 and 4). The depth of flow 
increases in the channel due to increase in flow rate for sub-critical condition results the increased 
drag force because of higher contact area with pier. The drag force increases linearly with discharge 
for rectangular model for both contraction ratios.  

 

Fig. 3. Variation Fd with Discharge for α=0.33. 

 
Fig. 4. Variation of Fd with discharge for α=0.4. 
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Reynolds number is useful to determine the type of flow through a channel. Reynolds and 
Froude model laws are applicable to the flow through bridge piers and it is employed to scale the 
prototype of the arrangement from the physical model. Froude number is important to represent the 
force causing the flow and the behaviors of the standing wave created by the piers. Viscous 
resistance is important for which the geometry does not control the separation point. The Reynold’s 
number for subcritical flow conditions varies from 300 to 3x105

.
 In the present experimental work, 

the range of Reynolds number maintained is 1x104 to 2.2x104 for all experiments. The variation of 
Reynolds number with drag coefficient is shown in Fig. 5 and 6 for contraction ratios of 0.33 and 
0.4 respectively. Declining trend of drag coefficient can be seen from the plot when Reynolds 
number increases for all the pier shape irrespective to the contraction ratios. The slope of the trend 
line drawn for each shape of pier having contraction ratio 0.33 is greater than that of 0.4. This trend 
indicates that change in the drag co-efficient is more significant if the unobstructed space is more.  
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Fig. 5. Variation of Reynolds number with drag coefficient for α=0.33. 
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Fig. 6. Variation of Reynolds number with drag coefficient for α=0.4. 
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The variation of ∆y/y with Froude number calculated based on the downstream side depth of 
flow for both contraction ratios are shown in the Fig. 7 and 8. The Froude number of the incoming 
flow is found to be in the range of 0.43 to 0.65. The ∆y/y ratio for square, rectangle and rectangle 
with curved nose increases drastically at higher value of Froude number and for other shapes, the 
increase of ∆y/y ratio is observed as a gradual. Due to larger wake formation at the downstream side 
of the pier, the effective flow area decreases on the downstream side which increases velocity of 
flow and therein Froude number. It depicts that the backwater rise on the upstream side of the 
bridge for subcritical flow is directly proportional to the downstream Froude number. The pier 
should be so shaped insuch a way that it produces less wake formation on the downstream side of 
the pier. The experimental values of ∆y/y are found to be much lesser than the ∆y/y values 
calculated using Yarnell’s equation. Similar observation was made by Martin-vide and Prio (2005) 
for 3:1 aspect ratio. But, the study carried by El-Alty (2006) showed small differences around 23% 
to 19% between the experimental results and the corresponding values by Yarnell's formula. 
Further, it is concluded that the aspect ratio could be the main reason for such a variation. El-Alty 
(2006) selected aspect ratio ranging from 5:1 to 30:1 and whereas Yarnell's used aspect ratio as 4:1. 
In the present work, the aspect ratio of all the models except circular pier is 2.4:1 for contraction 
ratio 0.333 and 2:1 for 0.4 contraction ratio. It can be noted that the value ∆y/y is also depends on 
the aspect ratio of the piers. Using the similarities in the shapes of the curves, Yarnell’s equation is 
modified using a parameter μ that can be used to fit the experimental data. With the new parameter 
μ, the modified equation is:  
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The values of μ in Equation 6 is obtained by minimizing the mean square absolute error. 
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where N is the number of data points. The reason for minimizing the absolute error, rather than 
relative error, is the belief that greater interest is placed on predicting large backwater values rather 
than uniform predictions over the entire range of Δy/y. Table 3 shows the values of μ for various 
shapes. Fig. 9 shows the variation of ∆y/y calculated from the Yarnell’s equation, experimental 
value of ∆y/y and corrected value of ∆y/y for elliptical shape for contraction ratio 0.33. It is clearly 
seen from the plot that there is a large variations of ∆y/y value between experimental and calculated 
value. All the experiments are conducted under ideal condition of maintaining zero bed slopes in the 
flume with the boundaries being rigid. 
 

Table 3. Co-efficient μ for Yarnell’s equation. 

Shapes Coefficient μ for α=0.33 Coefficient μ for α=0.4 
Square model 0.20 0.18 
Rectangular model 0.16 0.18 
Elliptical model 0.23 0.16 
Rhombus model 0.17 0.15 
Rectangle with semicircular nose and tail model 0.30 0.22 
Rectangle with triangular nose (2.5/3 cm) 0.24 0.17 
Circular  0.24 0.20 
Rectangle with triangular nose (3/4 cm) 0.10 0.19 
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Fig. 7. Variation of ∆y/y with Froude number for α=0.33. 

0

0.05

0.1

0.15

0.2

0.4 0.45 0.5 0.55 0.6 0.65

Ex
p.
 V
al
. O

f ∆
y/
y

Froude Number

0.25 Square
Rectangle
Eliptical
Rhombus
Rectangle with curved ends
Rectangle with 3 cm triangular nose
Circular
Rectangle with 4cm triangular nose

 

Fig. 8. Variation of ∆y/y with Froude number for α=0.4. 
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Fig. 9. Comparison of empirical, experimental and corrected values of ∆y/y. 
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5. CONCLUSIONS 

 The experiments conducted on drag characteristics showed that the value of Cd is a function 
of flow depth, pier shape and alignment, and width of the pier. 

 The value of Cd was found to be directly proportional to contraction ratio α. 
 The maximum reduction in Cd is achieved for rhombus shape at a Reynolds number value of 

1.95x104 which is 70.24% less that of rectangular shape, when α=0.33. 
 The maximum reduction in Cd was achieved in elliptical shape at the Reynolds number of 

2.1x104 which is 72.86% less than that of rectangular shape, when α=0.4 . 
 The value of backwater rise for same flow and contraction condition was found to be much 

higher in the case of rectangular and square piers. 
 The backwater rise on the upstream side of bridge for subcritical flow between piers is 

directly proportional to the value of the downstream Froude number (Fr) irrespective of the 
shape and contraction ratio. 

 The water level changes measured in this study are generally smaller than those calculated 
using Yarnell’s equation for backwater caused by bridge piers, for higher value of contraction 
ratios (α). 

 To reduce the difference, a modified equation can be used with value of μ obtained from 
experimental study on different models. 

 Although elliptical shape gives the least drag force value, rectangular with semi circular nose 
and tail is most suited from practical considerations. It is also effective in reducing drag force 
by 44.06% for α=0.4 and 46.49% for α=0.33 when compared to rectangular model. 
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