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Abstract—Municipal organizations in cooperation with local 

water companies try to create a continuous flow in the urban rivers to 

beautify the urban landscape in correlation with the eco-tourism 

aspects. Re-shaping the rivers’ floodplains by converting them to the 

landscapes, residential, complex centers have reduced the width of 

the rivers. This reduction the river width, increased flood intensity, 

greatly. Therefore, gradually weakening of the bridge foundations 

and high flow intensity, increase the probability of bridge failures. 

Bridge failure has significant effects on both the social and economic 

aspects of a region, and the stability of a bridge structure is closely 

associated with scour. Accurate prediction of the maximum depth of 

potential scour at a bridge foundation is important for the safe design 

of bridge footings. Experience has shown that insufficient attention is 

paid to contraction scour at Integral Abutment Bridges (IAB). 

Although most damage to bridges structure occur at the flooding 

times, undermining the bridges’ foundations in a relatively long 

duration of time make the bridge foundation weak for the final failure 

at the flash flooding conditions. The current paper experimentally 

investigated a full-scale IAB model to estimate the clear-water 

contraction scour on protruding abutments in the compound channel. 

The tests were run to find the relationship between maximum 

contraction scour depth and abutment protrusion into the main-

channel. The results of the validation and graphical analysis yield 

satisfactory predictions. Findings of the current study can help 

determine the footing design and depth that could minimize both 

construction and maintenance costs. 

 

Keywords— Urban Landscape, Integral Abutment Bridge, 

Compound River, Floodplain 

I. INTRODUCTION 

N the current decade the artistic design of the bridges is 

highly considered by bridge designers and engineers. 

Technical factors such as river width, traffic and other 

possible lateral loads, earthquake intensity, soil, geomorphic 

characteristics, and flow of the river are still the decisive 

factors in the selection of the structure material, number, 

location, and layout of the piers and abutments of the bridge, 

at the site of the construction. In other words, these are the 

technical parameters that are calculated by the bridge engineer 

in the initial phase of the bridge design. The bridge architects 

add landscape and architectural aspects to the bridge plan 
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designs by considering the technical parameters in the final 

phase of the bridge design. Bridges with a total length not 

exceeding 60 m and with skews not exceeding 30º are more 

economical if designed as integral abutment bridges (IAB). 

These systems have full structural continuity and a smaller 

number of expansion joints (Lai and Greimann, 2010), and 

typically have high reliability, high strength, and low cost in 

both the construction and maintenance phases, making them 

feasible alternatives to conventional bridge designs. For the 

wider rivers (60 m< b1< 100 m), engineers also try to design 

IABs by locating the abutments near the banks of the main-

channel or may protrude into the main-channel. However, the 

use of IABs is relatively new, and the design factors relating to 

the effects of natural hazards and environmental conditions are 

not well understood by bridge designers.  

The society and economy of a country can be significantly 

affected by a bridge failure. The most common cause of bridge 

failure is scour around a bridge abutment. Scour is a natural 

phenomenon caused by the flow of water over an erodible 

boundary, which excavates bed materials from the bridge 

foundation. Although most damage to bridges structure occur 

at the flooding times, undermining the  bridges’ foundations in 

a relatively long duration of time make the bridge foundation 

weak for the final failure at the flash flooding conditions. 

Weakening of the bridges foundations occurs gradually by 

steady flow in clear-water conditions. Municipal organizations 

in cooperation with local water companies try to create a 

continuous flow in the urban rivers to beautify the urban 

landscape in correlation with the eco-tourism aspects. Such a 

continual flow of the urban river is a circulation route of the 

available resources like the natural capacity of rivers, semi-

deep wells, or water of the near dams. Re-shaping the rivers’ 

floodplains by converting them to the landscapes, residential, 

complex centers have reduced the width of the rivers. This 

reduction the river width, increased flood intensity, greatly. 

Therefore, gradually weakening of the bridge foundations 

ending with a high flow intensity, increase the probability of 

bridge failures. Bridge engineers try to increase the structure 

safety by over predicting the safety factor calculating the depth 

of bridge foundations deep. It is evident that the calculating 

the depth of the bridge foundations regarding to the rainfall, 

upstream watershed characteristics, flow rate, and geomorphic 

characteristics of the river bed in the bridge site lead to 

optimize a bridge, technically and economically. In this paper 

we evaluated the predictive equations of the contraction scour. 
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Furthermore, a reliable equation for predicting the maximum 

depth of scour at the IABs was proposed.  

Scour reaches its equilibrium status when the shear erosive 

stress balances with the resisting stress against scouring on the 

streambed. Study on 503 bridges’ structures failures in the 

United States showed that the main reasons for bridges' 

failures are those connected with scouring at the bridges' 

abutments and piers [1]. Abutments are at the two ends of a 

bridge transfer the loads from the superstructure to the footing 

bed and give support to the approach embankment. Reliability, 

strength, and economy are the main factors for a bridge 

without moving joints that are named joint-less or Abutment 

Bridges. Abutment Bridges are most commonly used for 

bridges over small channels. They have more capacities to 

pass the water than truss bridges. In an Abutment Bridge, 

abutments acquit an extra function to protect the embankment 

against scour as shown in Figure 1. In these situations, 

abutments are close to the banks of a main-channel or may 

protrude to the main-channel to cut the bridge construction 

cost. Therefore, abutments contract the flow through the 

waterway where, the shear stress of the bed material is closed 

to the threshold condition. In such a critical condition 

contraction scour expands [2]. Such an excessive scour leads 

into weakening bridge foundations at any time, without any 

warning [3, 4]. 

 
Fig. 1 View of a compound waterway with an Integral Abutment 

Bridge 

Simple contraction attributes to the case where the riverbank 

is similar to geometry of the rectangular flume tests, where the 

contraction is long. Compound contraction scour is the case 

where the riverbanks and the main channel bed profile are 

compound. Many Abutment Bridges are found in compound 

channels whose geometry and hydraulic characteristics are 

markedly site-specific. Most of the bridge scour events are 

caused by live bed scour, while the maximum scour depth 

often resulted from clear-water flows. Maximum contraction 

scour represents the most severe scour that influences 

Abutments Bridges. Therefore, an accurate estimation of 

contraction scour depth is needed to design the bridge 

foundation safely. Over estimation will lead to unnecessary 

construction cost while underestimation may lead to bridge 

failure. That is why the bridge designers are interested in the 

scouring alongside the contracted section. Literature review 

showed insufficient attention, unreliable observations, and 

limited amount of empirical data from simulating the actual 

conditions of the contraction scour at Abutment Bridges sites 

[5, 6]. The major concentrations of the current study are; 

propose an equation; and evaluation of the equation to predict 

maximum contraction scour depth due to protruding Abutment 

Bridge in a compound channel.  

II.  ABUTMENTS' CATEGORIES RELATED WITH FLOW 

CONTRACTION 

A. Review Stage 

Short contraction is an ideal case in contraction scour 

conditions in Abutment Bridges [7]. In some earlier studies, 

the contraction ratio (b2/L) was detected as the main 

parameter impressing the scour procedure [5, 8-10], but in 

many other studies, it was ignored [11-14]. Contraction degree 

(b2/b1), directly defines the contraction severity. When b2> 

0.35b1, the contraction degree strongly effect on contraction 

scour depth [15]. Table I summarize different classifications 

for Abutment and channels contraction in the scour studies. 

Table A.I. shows most well-known equations to predict 

maximum contraction scour depth in Appendix section.  
TABLE I 

MAIN CATEGORIES FOR ABUTMENTS AND CHANNEL CONTRACTION 

Structure Category Condition Reference 

Abutment Short, Medium, 

or Long 

25≥L/y1≥1 [16] 

Contracted 

Channel 

Long or Short b/b1≥1 [17] 

Contraction Long or Short b/b1≥0.5 [7] 

Contraction Norrow or Wide b2/b1≤0.5 [15] 

III. EXPERIMENTAL PROCEDURE 

If you are using Word, use either the Microsoft Equation 

Editor or the MathType add-on (http://www.mathtype.com) for 

equations in your paper (Insert | Object | Create New | 

Microsoft Equation or MathType Equation). “Float over text” 

should not be selected.  

IV. UNITS 

Main assumptions in the current study are; flow is uniform; 

flow continuity equations are satisfied; and critical velocity for 

equilibrium contraction scour is used. Contraction scour depth 

is presented as the function of contraction degree (b2/b1), 

abutments’ protrusion (L/bf), approaching velocity (v1), and 

approaching water depth (y1). Therefore, the tentative form of 

the equation to predict the maximum contraction scour depth 

is: 

 
Where, KS, Kθ, KGF, and KGC are the correction factors 

for abutment shape, transition angle, floodplain geometry, and 

channel geometry, respectively. In the flume tests, contraction 

scour was generated in a short contracted compound channel 

with rectangular abutments perpendicular to the incoming 

flow. Sediment weight and uniformity were kept constant in 

the channel. Therefore, the effect of the abutment shape, 

transition angle, and geometry on the scour process is 

negligible (KS, Kθ, KGF, and KGC = 1.00). Experiments were 

conducted in a 15 m long, 1.5 m wide, and 2 m deep 

circulating flume at the National Hydraulic Research Institute 

of Malaysia (NAHRIM) laboratory. The flume had 0.00 % 

slope, thus the flow hydraulic gradient was controlled by the 

difference in water surface elevation between the head box and 

the tail box. The Abutment Bridge that is in used by Public 

Road Department Malaysia was modeled within the compound 
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river with a geometrically scale of 1:24. Uniform and non-

cohesive sand with median particle size (D50) of 0.28 mm was 

used in the flume. The sediment section was 10 m long with at 

least 50 cm height at the channel centerline. The approach 

velocity was obtained by adjusting the inlet valve so that to 

produce a value of v/vc<1.00. Therefore, the experiments were 

conducted under clear-water scour conditions. Before running, 

the initial bed elevation was recorded for each experiment. 

Among the tests, the water depth, flow velocity, and discharge 

were kept constant. 

In line with Coleman et al., (2003) proceedure, when the 

scouring rate is reduced to 5 % than the abutment length in the 

succeeding 24 hours period, it is assumed that an equilibrium 

status is reached. Afterwards, the discharge was reduced 

slowly to zero and water was drained from the scour hole. For 

determining the scour profiles, the scour depths at vertical 

sections were measured by a Vernier point gauge with an 

increment of 5~10 cm. Table II shows the characteristics of the 

tests. In the tests, floodplain width was kept constant but the 

abutments' lengths were varied. 
TABLE II 

CHARACTERISTICS OF EXPERIMENTAL TESTS 

 

V.  RESULTS AND ANALYSIS 

Table II shows that maximum contraction scour depth 

generally increases as the contraction degree decreases. Figure 

2 presents the photographs of the selected tests that the 

contraction degrees are significantly are different. Figure 3 

illustrates the contours' variation corresponding to the 

experiments shown in Figure 2. It is evident that the bed was 

eroded in front of the abutments and at the channel centerline. 

As the contraction degree decreased, sediment was 

accumulated in the main-channel with the local maximum 1.7 

m longitudinal distance from the embankment axis. In 

addition, as L/bf increased erosion force becomes more severe. 

 
Fig. 2 Scour at the abutment; before test; during the test; and 

equilibrium status (The other tests’ photos are not presented here 

because of space limitations, but they are available upon request) 

 
Fig. 3 Contour plot of the scour hole, in UE and UF tests of the 

Figure 2 

Froude Number (Fr), and Reynolds Number (Re), are two 

widely used dimensionless terms in flow analysis. Regression 

analyses showed that contraction scour is irrelevant with 

Reynolds Number but it has a close relation with the Froude 

Number. Thus, contraction scour depth is likely to be a 

proportional of the difference between Froude Number at the 

equilibrium status of the test and critical Froude Number as the 

following equation: 

 
Since other contraction factors may influence v2, we used 

nominal velocity for correlation purposes. In addition, in order 

to optimum fit, the nominal Froude Number needs a factor 

K2in front of the Fr1 (b1/b2) as: 

 
Where, K1 and K2 as dimensionless coefficients were 

obtained in the multi-regression analysis. Bringing Equation 

(4) in to the Equation (2) and replacing the obtained amount of 

the dimensionless coefficients converts the contraction scour 

equation into the following equation as shown in Figure 4: 

 
Y1 and v1 in the Equation (5) are the corresponding values 

when the tests are stopped. 

 
Fig. 4 Graphical determination of multi-regression analysis to 

obtain the dimensionless coefficients 
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VI. EVALUATION OF THE PROPOSED METHOD 

Equation (5) was proposed to predict maximum contraction 

scour depth in the compound channel. Generally, in evaluation 

a method the under predictions should be minimal and 

matching the predicted data with the measured ones are 

prerequisites as closely as possible. In engineering statistical 

comparison between predicted and measured data is used to 

evaluate validity of a new method. If its’ validation be high, it 

means that the statistical analysis approved the method 

applicability. Current statistical tests consist of Correlation, 

Regression (R), Mean Absolute Error (MAE), Root Mean 

Square Error (RMSE), and Theil’s coefficient (U). The closer 

the correlation coefficient is to either −1 or +1 the stronger 

correlation between the variables. Maximum value of R, 

minimum values of MAE and RMSE represent reasonable 

predictions. The closer the Theil’s coefficient (U) is to 0.00; 

the closer the predicted contraction scour depths are to the 

measured depths. Table III shows the statistical test results. In 

addition, a method is graphically evaluated by comparing its 

scatter-points of measured and the predicted data with the line 

of perfect agreement to see whether it agrees sufficiently for a 

new method to replace the old. The closer the scatter-points to 

the line of perfect agreement means a better prediction. Figure 

5 shows the graphical evaluation of the methods in Table A.I 

and the authors’ proposed method. 

According to the results of statistical and graphical analyses, 

the authors’ method predicts a reliable contraction scour 

depths. Comparison the contraction scour depth predicted by 

authors’ method with measured depths approved that defined 

criteria for the new method. Therefore, the outcomes show 

satisfactory predictions of the authors’ empirical equation for 

maximum contraction scour depths. 
TABLE III 

 STATISTICAL ANALYSES RESULTS 

 
 

 
Fig. 5 Graphical comparison of measured and predicted scatter 

points with the line of perfect agreement 

VII. CONCLUSION 

Most of the recent predictive methods on contraction scour 

have the limitations of the method assumptions, simplification 

of the experiment geometry circumstances, space limit in 

laboratory flume, and the numerical simulation methods. The 

main deficiency of previous studies is that they do not 

represent contraction scour development at abutments in 

relation with the contraction degree (b2/b1) and the abutments’ 

protrusion into the main-channel (L/bf). The full-scale model 

of the Abutment Bridge in the compound channel was tested to 

produce maximum contraction scour depths under clear-water 

conditions. The experimental data were used to estimate an 

equation to predict maximum contraction scour depth as a 

function of contraction degree and abutment protrusion. 

Following sub-sections summarizes the results of the current 

study. 

The results showed that contraction scour is a function of 

difference between the approaching Froude Number and 

critical Froude Number. Based on the laboratory flume tests, 

authors proposed the equation to predict the maximum 

contraction scour depth. Authors’ method showed large 

agreement between predicted contraction scour depths and 

corresponding measured depths. Over predictions were 

comparatively more than under predictions while the predicted 

contraction scour depths are adequately close to the measured 

depths. These conditions are in line with the two basic criteria 

in method evaluation. According to the graphical and 

statistical analysis, there is enough evidence for the reliability 

of the proposed method. Therefore, the authors’ method gave 

satisfactory predictions for maximum contraction scour depth 

at Abutment Bridges due to protruding into the compound 

channel. 

As, the authors’ method provides critical information of the 

contraction scour at Abutment Bridge. After evaluation by the 

field verification, it can be applied in depth calculating process 

of the Abutment Bridges foundations. Current study outcomes 

allow promoting the economical Abutment Bridges’ design by 

decreasing the bridges’ construction cost and saving additional 

maintenance charges. The findings indirectly rises bridges’ 

stability that prevents loss of lives and cut economic risk in 

transportation. 
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Appendixes, if needed, appear before the acknowledgment. 
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NOTATIONS 

The following symbols are used in this manuscript: 

b = Contraction length, [L];  

bf = Floodplain width, [L];  

dsmax= Maximum contraction scour depth [L];  

Dm = Effective mean diameter of the bed material in the bridge = 1.25D50, 

[L];  

D50= Median particle diameter (50 % of the particles by weight are finer), 

[L];  

Fr = Froude number, dimensionless;  

Frc = Critical Froude number, dimensionless;  

Fr* = Nominal Froude number, dimensionless;  

g = Gravitational acceleration force, [LT-2];  

KS = Correction coefficient for abutment shape, dimensionless;  

KGC = Correction coefficient for channel geometry, dimensionless;  

KGF = Correction coefficient for floodplain geometry, dimensionless;  

Ku = Constant coefficient in HEc-18 equation, dimensionless;  

Kθ = Correction coefficient for transition angel, dimensionless; 

K1 = Correction constant coefficient in contraction scour equation, 

dimensionless;  

K2 = Correction constant coefficient for optimum fit in contraction scour 

equation, dimensionless;  

L = Length of abutment, [L];  

MAE= Mean Absolute Error, dimensionless; 

n = Manning coefficient, dimensionless;  

q = Unit discharge, [LT-1];  

Q = Total discharge in compound channel, [L3T-1];  

Re= Reynolds number, dimensionless;  

RMSE= Root Mean Square Error;  

U = Theil’s coefficient, dimensionless; 

v = Flow velocity, [LT-1]; 

vc = Critical velocity for sediments, [LT-1]; 

v* = Nominal velocity, [LT-1]; y = Flow depth, [L]; 

β1 = 0.59 ~ 0.69. 

β2 = 0.066 ~ 0.367. 

θ = Transition angle, [°]; 

ρ = Mass density of water, [ML-3]; 

σg = Geometric standard deviation of the sediment, dimensionless; 

τc = bed shear stress; the subscript “c” symbolizes the condition for initial 

sediment motion [L2T2]; 

SUBSCRIPTS 

1= Uncontracted (approach) section and; 

2= Contracted section 

APPENDIX 

TABLE A.I 

 EQUATIONS FOR UNIFORM CONTRACTION SCOUR UNDER CLEAR-

WATER CONDITIONS 
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