
FOREWORD 

The Bridge Pressure Flow Scour for Clear Water Conditions Study described in this report was 
conducted at the Federal Highway Administration’s (FHWA) Turner-Fairbank Highway 
Research Center (TFHRC) J. Sterling Jones Hydraulics Laboratory. The study was in response to 
a request of several State transportation departments asking for a new design guidance to predict 
bridge pressure flow scour for clear water conditions. The new pressure flow scour procedure 
will replace the existing pressure flow scour prediction method in the FHWA Hydraulic 
Engineering Circular No. 18 (4th edition) Evaluating Scour at Bridges. The study includes 
experiments (physical modeling) at the Hydraulics Laboratory. This report will be of interest to 
hydraulic and bridge engineers who are involved in estimating pressure flow scour for inundated 
bridge decks. This report is being distributed as an electronic document through the TFHRC 
Web site (www.tfhrc.gov). 
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CHAPTER 1. INTRODUCTION 

Bridges are a vital component of the transportation network. Evaluating their stability and 
structural response after a flood event is critical to highway safety. Bridge studies are usually 
designed with an assumption of an open channel flow condition, but the flow regime can  
switch to pressure flow when the downstream edge of a bridge deck is partially or totally 
submerged during a large flood. Figure 1 shows a bridge undergoing partially submerged flow in 
Salt Creek, NE, in June 2008. Figure 2 shows a totally submerged flow in Cedar River, IA, in 
June 2008, which interrupted traffic on I-80. Unlike open channel flows, these pressure flows 
create a severe scourability potential because scouring the channel bed is one of the only ways to 
dissipate the energy when passing a given discharge in pressurized flow. 

Although most bridge scour events are due to live bed scour, a maximum scour depth often 
results from clear water flows with a critical approach velocity for bedload motion. For bridge 
safety, this report emphasizes the equilibrium maximum scour of pressure flows in extreme clear 
water conditions. 

The objectives of the study were to collect a detailed high-quality dataset of pressure flow scour  
at a model bridge and to develop an analytical solution for pressure flow scour based on mass 
and energy conservation laws. To these ends, existing results in the literature were reviewed, and 
knowledge gaps were identified. Next, a series of flume experiments were conducted to examine 
the existing methods and test new hypotheses on bridge pressure flow scour. After, bridge flows 
were divided into three cases, and the mass and energy conservation laws were applied to each 
case, leading to hypotheses for pressure flow scour predictions. The hypotheses were tested with 
the flume data. In this report, an example procedure for calculating the maximum scour depth 
and scour profile is presented along with recommended research needs. 

 
Figure 1. Photo. Partially inundated bridge deck at Salt Creek, NE. 
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Source: Iowa Department of Transportation  
(Photo provided by Keven Arrowsmith) 

Figure 2. Photo. Completely inundated bridges at Cedar River, IA. 
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CHAPTER 2. LITERATURE REVIEW 

To better understand pressure flow scour, three systematic studies were completed by Arneson 
and Abt, Lyn, and Umbrell et al.(1–3) Arneson and Abt conducted a series of flume tests and 
proposed the following regression equation in figure 3: 

 
Figure 3. Equation. Arneson and Abt’s scour depth equation.(1) 

Where: 

ys =  The maximum scour depth.  
hu =  The depth of the headwater.  
hb =  The vertical bridge opening at the main channel before scouring.  
Va =  The velocity through the bridge before scour. 
Vuc  =  The upstream critical velocity, as defined in the equation in figure 4.  

 
Figure 4. Equation. Upstream critical velocity. 

Where: 

g     =  The gravitational acceleration.  
s     =  The specific gravity of sediment.  
d50  =  The median diameter of the bed materials. 

Although the equation in figure 3 has been adopted in the FHWA manual, it presents a serious 
problem.(4) As Lyn states, the equation in figure 3 suffers from a spurious correlation since both 
sides of the equation include the term ys/hu.(2) As an alternative, Lyn proposes the following 
power law equation for scour depth in figure 5:  

 
Figure 5. Equation. Lyn’s scour depth equation.(2) 
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The third study was conducted by Umbrell et al., who performed a series of flume experiments at 
the TFHRC Hydraulics Laboratory in McLean, VA.(3) Using the law of conservation of mass and 
assuming that the velocity under the bridge at equilibrium scour is approximately equal to the 
critical velocity of the upstream flow, they developed the equation as shown in figure 6: 

 
Figure 6. Equation. Umbrell et al.’s scour depth equation.(3) 

Where: 

Vu =  The velocity of the headwater.  
b   =  The thickness of the bridge deck including girders. 

By comparing figure 6 with their experimental data, Umbrell et al. modified it to generate the 
equation in figure 7 as follows: 

 
Figure 7. Equation. Modified Umbrell et al. scour depth equation.(3) 

Vuc is calculated as in figure 4, except the coefficient 1.52 is replaced by 1.58. The equation in 
figure 7 raises three concerns. First, the under-bridge Vuc was not necessarily the same as that 
upstream. Furthermore, the inclusion of b invalidated the equation for partially submerged flows 
because the flow depth would only rise to a position on the bridge deck with a height less than b. 
Last, the tests were run for only 3.5 hours, which was not enough time for equilibrium scour to 
develop. The tests performed for this report, which were conducted in the same flume that 
Umbrell et al. used, showed that equilibrium scour was attained after 32–48 hours. For a detailed 
review of the Arneson and Abt and Umbrell et al. datasets, refer to the recent paper by Lyn, 
which questions the quality of the two datasets.(2) 

In summary, the study of bridge pressure flow scour was not developed sufficiently to be useful 
in bridge design. The two primary datasets were not of high quality and did not have information 
on the characteristics of scour profiles. The three analyses were empirical and lacked a 
theoretical explanation for the mechanism of pressure flow scour. To advance the study of 
pressure flow scour, it is important to acquire new firsthand data. Thus, a series of experiments 
are introduced in the following chapter.
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CHAPTER 3. EXPERIMENTAL STUDY 

The objective of the experiments was to collect scour data at a bridge under controlled  
pressure flow conditions in a flume. The collected data was then used to formulate a general 
understanding of bridge pressure flow scour and to test both the existing prediction equations and 
a new hypothesis proposed in this report. To this end, a series of flume tests were conducted in 
the Hydraulics Laboratory. The experimental setup, results, data analysis, and interpretation are 
described in the following subsections. 

EXPERIMENTAL SETUP 

Flume System 

Figure 8 shows an overview of the experimental flume, and 1 m = 2.38 ft 

figure 9 details the flume system. The flume is a rectangle and 70.03 ft (21.35 m) long by 6 ft 
(1.83 m) wide. It has glass sides and a stainless steel bottom. In the middle of the flume, a test 
section 2.07 ft (0.63 m) wide and 9.18 ft (2.8 m) long was installed, and a model bridge deck was 
mounted within as seen in 1 m = 2.38 ft 

figure 9. A honeycomb flow straightener and a trumpet-shaped inlet were designed to smoothly 
guide the flow into the test channel. Referring to the side view in 1 m = 2.38 ft 

figure 9, a 15.60-inch (40-cm) sediment recess was installed along the flume bottom and under the 
bridge to record local scour information. The flume was set horizontally, and an adjustable tailgate 
located at the downstream end of the flume controlled the depth of flow.  

A circulation system with a sump and a pump supplied water to the flume. The capacity of the  
sump was 7,415.94 ft3 (210 m3), and the pump output rate varied between 0 and 10.59 ft3/s  
(0 and 0.3 m3/s). An electromagnetic flowmeter was used to measure the discharge. More 
information about the flume can be found at http://www.fhwa.dot.gov/engineering/hydraulics/ 
research/lab.cfm. 
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Figure 8. Photo. Approach section of the test flume. 

 
1 m = 2.38 ft 

Figure 9. Illustration. Plan and side schematic of the test flume. 

Sand Bed Preparation 

Figure 10 shows the sand bed preparation in the test channel. The sand diameter was roughly 
uniform, and d50 = 0.039 inches (1 mm). A 7.80-inch (20-cm)-thick layer of sand was distributed 
evenly on the flume bottom. The sediment recess under the bridge was deep enough to model a 
local scour to a depth of 23.40 inches (60 cm). To test the effect of sediment size, sand with  
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d50 = 0.078 inches (2 mm) was also used. 

 
1 m = 2.38 ft 

Figure 10. Illustration. Detail of sand bed and sediment recess in test flume. 

 

 

Model Decks 

Two Plexiglas model decks with three girders and six girders were used in the tests, and they  
are shown in figure 11 through figure 13. The six-girder deck was chosen since most four-lane  
U.S. highway bridges have six girders, while the three-girder deck is more common for  
two-lane bridges. As shown in figure 12 and figure 13, both decks had rails at the edges and had 
the same width of 0.85 ft (0.26 m), though they did not have the same height. Figure 11 more 
clearly shows the spaces in the railing that allowed flow to pass in a three-dimensional (3D) 
view. The deck elevation was adjustable, permitting the deck to have eight bridge opening 
heights. 

 

Figure 11. Illustration. 3D view of a six-girder bridge deck. 
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1 m = 2.38 ft 
1 cm = 0.39 inches 

Figure 12. Illustration. Cross section view of a six-girder bridge deck. 

 
1 m  = 2.38 ft 
1 cm = 0.39 inches 

Figure 13. Illustration. Cross section view of a three-girder bridge deck. 
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Operating Discharge 

To ensure a maximum clear water scour under the bridge, the approach velocity in the test 
section should have been at critical velocity for bedload initiation. Since the flow depth  
was always kept at 9.75 inches (25 cm) during the experiments, the critical velocity for  
d50 = 0.039 inches (1 mm) was Vuc = 1.41 ft/s (0.43 m/s) according to the method proposed by 
Neill.(5) The upstream approach velocity was then chosen as Vu = 0.95×Vuc = 1.34 ft/s (0.41m/s), 
which resulted in an operating discharge, Q, estimated in the following equation in figure 14: 

 
Figure 14. Equation. Operating discharge Q. 

Where: 

B  =  The width of the test section, 2.07 ft (0.63 m). 
hu  =  The flow depth, 0.82 ft (0.25 m). 

The Reynolds number is Re = Vuhu/ν = 1.025×105, where ν = kinematic viscosity of water, and 
the Froude number Fr = Vu /(ghu)

1/2 = 0.26. 

Similarly, for d50 = 0.078 inches (2 mm), Vuc was estimated to be 1.84 ft/s (0.56 m/s).  
Vu was then chosen as 0.95×Vuc = 1.74 ft/s (0.53 m/s), which corresponded to a discharge of 
2.9487 ft3/s (0.0835 m3/s) with Re = 1.325×105 and Fr = 0.34. 

Data Collection 

An automated flume carriage fitted to the main flume, seen in figure 15, was used to collect 
scour data that were measured using a laser distance sensor. A LabVIEWTM virtual instrument 
was programmed for data acquisition, instrument control, data analysis, and report generation. 
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Figure 15. Photo. Automated flume carriage with laser distance sensor  

perched over the test flume. 

Experimental Procedure 

The following steps outline the experimental procedure: 

1. The sand bed was installed, as shown in figure 10. 

2. A bridge deck was installed and positioned perpendicular to the direction of flow.  

3. The elevation of the deck was adjusted to a designated bridge opening.  

4. Water was gradually pumped from the sump to the flume until the operating discharge was 
met, and it was verified with the electromagnetic flowmeter.  

5. Each experiment was run for 32–48 hours until the equilibrium scour state was attained.  

6. The 3D scour hole was mapped using the laser distance sensor. 

EXPERIMENTAL RESULTS 

The major experimental results were based on the 3D scour mapping recordings from the sand 
recess. They are presented in 3D visualizations, longitudinal profiles, and maximum scour depth. 
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Figure 16 represents a 3D scour hole, showing a more-or-less uniform scour perpendicular to  
the direction of flow. This means that the scour holes could be approximated across the entire 
width of the test section by a two-dimensional (2D) scour profile in the longitudinal dimension. 
Figure 17 through figure 19 present plots of all of the width-averaged scour profiles, where  
x = zero is at the maximum scour point that is 1.56 inches (4 cm) from the downstream deck 
edge, and y = zero is the elevation at the top of the sand bed before scour. The figures show that 
the scour profiles were roughly bell-shaped curves, but they were not symmetrical because the 
eroded materials deposited about two to three times the deck width downstream the bridge, 
where y > zero. In addition, the scour began at about 1 deck width upstream of the bridge, and 
the scour decreased with increasing sediment size, though it is noted that the approach velocity in 
figure 19 was larger than that in figure 18. The maximum scour depths are tabulated in column 2 
of table 1 through table 3, showing that ys increased as hb in column 1 decreased or as the bridge 
inundation increased. 

 
1 mm = 0.039 inches 
1 m  = 3.28 ft 

Figure 16. Graph. 3D scour map at equilibrium scour. 
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1 cm = 0.39 inches 
1 m  = 3.28 ft 

Figure 17. Graph. Scour profiles at various bridge openings for the three-girder  
bridge deck. 

 

 
1 cm = 0.39 inches 
1 m  = 3.28 ft 

Figure 18. Graph. Scour profiles at various bridge openings for the six-girder bridge deck. 
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1 cm = 0.39 inches 
1 m  = 3.28 ft 

Figure 19. Graph. Scour profiles at various bridge openings for the six-girder bridge deck 
(d50 = 0.078 inches (2 mm)). 

Table 1. Experimental results for the three-girder bridge (d50 = 0.039 inches (1 mm)). 

Bridge 
Opening, 
hb (cm) 

Measured 
Scour 

Depth, ys 
(cm) 

Block 
Depth, 
a (cm) 

Inundation 
Froude 

number, F 

Scour 
Number, 

ah

yh

b

sb




 
Calculated 

Scour Depth, 
ys (cm) 

Relative 
Error  

(Percent) 
21.0 2.77 4.00 0.6545 0.9508 2.67 -3.7 
19.5 3.98 5.06 0.5499 0.9559 4.38 10.2 
18.0 5.18 5.06 0.4620 1.0051 5.12 -1.1 
16.5 5.45 5.06 0.3959 1.0180 5.76 5.7 
15.0 6.35 5.06 0.3433 1.0642 6.30 -0.7 
15.0 6.42 5.06 0.3433 1.0677 6.30 -1.8 
13.5 6.41 5.06 0.2997 1.0726 6.76 5.5 
12.0 6.43 5.06 0.2624 1.0802 7.14 11.0 
10.5 7.31 5.06 0.2298 1.1444 7.44 1.8 

1 cm = 0.39 inches 
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Table 2. Experimental results for the six-girder bridge (d50 = 0.039 inches (1 mm)). 

Bridge 
Opening, 
hb (cm) 

Measured 
Scour 

Depth, ys 
(cm) 

Block 
Depth, 
a (cm) 

Inundation 
Froude 

number, F 

Scour 
Number, 

ah

yh

b

sb




 
Calculated 

Scour Depth, 
ys (cm) 

Relative 
Error  

(Percent) 
22.0 1.75 3.00 0.7558 0.9500 1.24 -29.2 
20.5 2.99 4.02 0.6070 0.9580 2.97 -0.6 
20.5 2.98 4.02 0.6070 0.9575 2.97 -0.3 
19.0 4.23 4.02 0.4982 1.0091 3.77 -10.9 
19.0 4.52 4.02 0.4982 1.0217 3.77 -16.6 
17.5 4.47 4.02 0.4208 1.0209 4.46 -0.2 
16.0 5.55 4.02 0.3613 1.0764 5.05 -9.1 
14.5 5.71 4.02 0.3131 1.0912 5.54 -3.0 
13.0 5.93 4.02 0.2726 1.1122 5.94 0.2 
11.5 6.34 4.02 0.2376 1.1494 6.27 -1.1 

1 cm = 0.39 inches 

Table 3. Experimental results for the six-girder bridge, (d50 = 0.078 inches (2 mm)). 

Bridge 
Opening, 
hb (cm) 

Measured 
Scour 

Depth, ys 
(cm) 

Block 
Depth, 
a (cm) 

Inundation 
Froude 

number, F 

Scour 
Number, 

ah

yh

b

sb




 
Calculated 

Scour Depth, 
ys (cm) 

Relative 
Error  

(Percent) 
22.0 0.43 3.00 0.9770 0.8973 0.75 74.0 
20.5 1.75 4.02 0.7847 0.9074 2.20 25.8 
19.0 2.83 4.02 0.6441 0.9484 2.84 0.3 
17.5 3.29 4.02 0.5440 0.9661 3.46 5.2 
16.0 4.14 4.02 0.4670 1.0060 4.03 -2.6 
14.5 4.30 4.02 0.4047 1.0151 4.54 5.6 
13.0 4.62 4.02 0.3523 1.0350 4.98 7.9 
11.5 5.31 4.02 0.3071 1.0829 5.36 0.9 
7.0 6.50 4.02 0.1988 1.2249 6.09 -6.3 
2.5 11.64 4.02 0.1138 2.1684 6.20 -46.8 

1 cm = 0.39 inches 

DATA ANALYSIS AND INTERPRETATION 

Similarity of Scour Profiles 

By looking at all the profiles in figure 17 through figure 19, it is hypothesized that a similarity  
profile may exist by normalizing x to the deck width, W, and y to ys. This hypothesis was tested  
in figure 20 and figure 21, and the figures demonstrate a surprising similarity for x  zero, 
corresponding to the pressure flow scour. The scatter for x > zero was due to the influence of the 
downstream free surface. 
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1 mm = 0.039 inches 

Figure 20. Graph. Similarity profile for equilibrium scour for the three-girder bridge deck. 

 
1 mm = 0.039 inches 

Figure 21. Graph. Similarity profile for equilibrium scour for the six-girder bridge deck. 
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For the scour profiles in figure 20 under the three-girder deck, the similarity profile for x  zero 
is arranged into figure 22 as follows: 

 
Figure 22. Equation. Similarity scour profile, x is less than or equal to zero. 

For  x > zero, the profile in figure 20 can be approximated by figure 23 as follows: 

 
Figure 23. Equation. Similarity scour profile, x is greater than zero. 

The equations in figure 22 and figure 23 were also plotted with the data for the six-girder deck 
with two sediment sizes in figure 21, which showed very good agreement for x  zero but an 
overestimation of most scour profiles for  x > zero (i.e., scour was greater or deposition was less 
than the experimental results). Figure 22 describes a pressure flow scour profile before the 
maximum scour point well, which is independent of the number of girders and sediment size. 
Also, the prediction of figure 23 after the maximum scour point was conservative. Note that 
although the deck width in the tests was constant, it was the only characteristic length in the flow 
direction. Thus, it is expected that the equations in figure 22 and figure 23 can be applied to other 
deck widths.  

INTERPRETATION 

Figure 22 and figure 23 were used to define the initiation of pressure flow scour and deposition. 
Scour started when y/ys = -0.01, and the x-coordinate of the initiation of scour, xs, was then 
determined by solving the relationship in figure 24 as follows: 

 
Figure 24. Equation. X-coordinate of scour initiation. 

When solved, figure 24 gives the average bridge deck width x-coordinate of scour initiation in 
figure 25 as follows: 

 
Figure 25. Equation. X-coordinate of scour initiation normalized to bridge width. 
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The dimensional abscissa, x1, of the upstream face of the bridge is found according to figure 26 
as follows: 

 
Figure 26. Equation. Upstream dimensional abscissa, x1. 

The width, W, of the model deck was 10.14 inches (26 cm), the distance between the maximum 
scour depth and the downstream face of the bridge was 1.56 inches (4 cm), and the minus sign 
meant the scour began before the maximum scour depth. The dimensionless abscissa, x1/W, of 
the upstream face of the bridge was then expressed as shown in figure 27: 

 
Figure 27. Equation. Dimensionless abscissa upstream. 

The relative distance between the scour initiation and the upstream deck face is solved in  
figure 28, which means the scour begins at about 1 deck width upstream the bridge. 

 
Figure 28. Equation. Distance from scour initiation position to bridge deck face. 

The deposition position xd can be defined by y/ys = zero in figure 23, which gives the following 
equation in figure 29: 

 
Figure 29. Equation. Initiation of sediment deposition position. 

Considering the dimensionless abscissa, x2/W, of the downstream deck face was 0.154  
(see figure 30), the relative distance between the downstream deck face and the deposition point 
was 2.53 (see figure 31). This means the deposition began at a distance of about 2.5 times the 
deck width downstream of the bridge, as shown in figure 31. 

 
Figure 30. Equation. Dimensionless abscissa downstream. 

 
Figure 31. Equation. Distance from bridge deck to deposition position. 
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Similarly, figure 22 and figure 23 gave the relative scour depths at the two deck edges, which 
were useful for field scour evaluation and will be detailed with an example later in the report. 
The equation in figure 32 gave the normalized depth at the deck edges. For applications,  
figure 33 gave a normalized scour profile with highlighted positions of interest. For reference, 
the bridge deck is shown in the figure.  

 
Figure 32. Equation. Scour depth at deck edges. 

 
Figure 33. Graph. Normalized scour profile. 

In short, the horizontal scour domain of bridge under a pressure flow condition depended on the 
width of the bridge deck, but the design of a scour profile by figure 22 and figure 23 needed the 
maximum ys. 

DETERMINATION OF THE MAXIMUM SCOUR DEPTH USING THE EXISTING 
METHODS 

The three methods mentioned in the literature review were tested with the current data  
in figure 34 through 1 mm = 0.039 inches 
1 m  = 3.28 ft 

figure 36 in which the overflow had been subtracted according to  
Umbrell et al.(3) The Arneson and Abt method had an inverse correlation with the test data,  
which means the functional structure of figure 3 was not correct. Lyn’s method underestimated 
most of the present data (see figure 5). Although the Umbrell et al. method is the best of the 
existing methods in terms of application, none of them provide reliable predictions (see figure 6). 
In next chapter, an analytical method is provided for estimating the maximum ys by applying the 
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mass and energy conservation laws.  

 
1 mm = 0.039 inches 
1 m  = 3.28 ft 

Figure 34. Graph. Arneson and Abt’s scour depth equation agreement with  
experimental data.(1) 
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1 mm = 0.039 inches 
1 m  = 3.28 ft 

Figure 35. Graph. Lyn’s scour depth equation agreement with experimental data.(2) 

 
1 mm = 0.039 inches 
1 m  = 3.28 ft 

Figure 36. Graph. Umbrell et al.’s scour depth equation agreement with  
experimental data.(3)
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CHAPTER 4. ANALYTICAL STUDY OF MAXIMUM SCOUR DEPTH 

The experiments were conducted under two critical velocity conditions, but the purpose of the 
experiments was to make the results as widely applicable as possible. To achieve this end, an 
analytical solution for the maximum scour depth needed to be found. 

For clarification, the problem is stated as follows:  

Given a bridge over a steady river flow with clear water without contraction channel and piers 
(shown in plan view in figure 37) experiencing the flow conditions in either figure 38 through 
figure 40), find the equilibrium maximum pressure flow scour depth, ys, per unit of river flow. 

Where: 

Vuc   =  Upstream critical velocity.  
B    =  Width of the river. 
W    =  Width of the bridge deck.  
d50  =  Median diameter of the bed materials.  
hu   =  Depth of the headwater.  
hb    =  Bridge opening before scour.  
hd   =  Depth of the tailwater. 
b   =  Thickness of the bridge deck including girders.  

FLOW CLASSIFICATION 

The solution to the problem depends on the tailwater surface elevation. As in Picek et al., the 
bridge flows are divided into three cases.(6) 

Case 1 

If the downstream low chord of a bridge is unsubmerged as shown in figure 38, the bridge 
operates as an inlet control sluice gate. The scour is independent of the bridge width and 
continues until a uniform flow and a critical bed shear stress are reached. This case occurs only 
for upstream slightly submerged conditions. Since the flow condition under the bridge in this 
case is an open channel flow, it is presented in appendix A. 

Case 2 

If the downstream low chord is partially submerged as shown in figure 39, the bridge operates as 
an outlet control orifice, and the bridge flow is rapidly varied pressure flow. 

Case 3  

If the bridge is totally submerged as shown in figure 40, it operates as a combination of an orifice 
and a weir. Only the discharge through the bridge affects scour depth. In the following sections, 
only the solutions for cases 2 and 3 are discussed. 
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Figure 37. Illustration. Plan view of bridge over stream. 

 
Figure 38. Illustration. Pressure flow for case 1. 

 
Figure 39. Illustration. Pressure flow for case 2. 
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Figure 40. Illustration. Pressure flow for case 3. 

CASE 2—PARTIALLY SUBMERGED FLOWS 

Neglecting the friction, the energy equation along the streamline 1-2 is shown in the following 
equation in figure 41: 

 
Figure 41. Equation. Energy equation along streamline 1-2. 

Where:  

1 and 2  =  The energy correction factors. 
Kb             =  The bridge energy loss coefficient which varies with bridge inundation.  

The friction loss has been neglected due to the short distance between points 1 and 2.  

The pressure at point 1, p1, represents atmospheric pressure. It is assumed that p1 = zero, so it is 
eliminated from the energy equation. The pressure at point 2, p2, under the bridge is not 
hydrostatic and therefore must be solved from the Bernoulli equation applied across 
streamlines.(9) Referring to figure 94 in appendix B, figure 42 is generated. 

 
Figure 42. Equation. Pressure under the bridge, p2. 

Where: 

hd   =  The depth of the tailwater.  
Kp  =  A curvature coefficient that, like Kb, varies with bridge inundation.  
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The difference term in parentheses in figure 42 is the hydrostatic pressure head, while the last 
term is a curvature pressure head. Substituting the equation in figure 42 into figure 41 gives the 
following equation in figure 43: 

 
Figure 43. Equation. Energy equation including curvature coefficient. 

Since both Kb and Kp are related to bridge inundation and must be zero when hu = hb corresponds 
to open channel flow, the following equation in figure 44 is assumed: 

 
Figure 44. Equation. Model describing difference bridge energy loss coefficient and 

curvature coefficient. 

In figure 44, λ  and m are determined experimentally. The gravitational acceleration, g, and Vuc 
are involved because of dimensional homogeneity. Substituting figure 44 into figure 43 and 
rearranging it gives the following equation in figure 45: 

 
Figure 45. Equation. Energy equation including empirical parameters. 

Figure 45 can be rearranged, as in the following equation in figure 46: 

 
Figure 46. Equation. Rearrangement of energy equation including empirical parameters. 

Considering the continuity in figure 47, as follows: 

 
Figure 47. Equation. Continuity equation. 

Where: 

a  =  hu - hb, as shown in figure 39.  
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The equation in figure 46 becomes figure 48, where the left side of the equation, (hb+ys)/(hb+a), 
is called the scour number. 

 
Figure 48. Equation. Pressure flow scour design equation. 

Unfortunately, the downstream flow depth, hd, is unknown. For approximation, figure 49 is 
assumed to be a function defined as follows: 

 
Figure 49. Equation. Downstream flow depth approximation. 

Where zero < β  < 1. Concisely, F is defined in figure 50 as follows: 

 
Figure 50. Equation. Inundation Froude number. 

Figure 50, when combined with the equations in figure 49 and figure 48, is reduced to the 
following equation in figure 51: 

 
Figure 51. Equation. Pressure flow scour design equation including inundation  

Froude number. 

The values of 1 and 2 have been taken as 1, and the parameters λ , m, and β  are determined 
experimentally. The equation in figure 51 will be tested after case 3 is discussed. 
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CASE 3—TOTALLY SUBMERGED FLOW 

The solution for case 2 can be adapted to case 3 after a slight modification. This can be proven 
by applying the energy equation (figure 41) to the situation in figure 40. The effective velocity, 
Vue, at point 1 is significantly affected by the bridge deck. As an approximation, the relation in 
the following equation in figure 52 is assumed: 

 
Figure 52. Equation. Effective velocity equation. 

The exponent 0.85 is a fitting constant derived from the data in the graph shown in figure 53.  

 
1 mm = 0.039 inches 

Figure 53. Graph. Scour number versus inundation Froude number. 

The unit discharge, q1, through the bridge is then described in figure 54 as follows: 

 
Figure 54. Equation. Unit discharge. 
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The velocity at the maximum scour section is illustrated in the equation in figure 55 as follows: 

 
Figure 55. Equation. Velocity at maximum scour section. 

When the equation in figure 41 is applied to the situation in figure 40, the pressure at point 1, p1, 
is hydrostatic, and the pressure at point 2, p2, is the same as that in figure 42. Substituting the 
equation in figure 55 into figure 46 and rearranging it gives the following equation in figure 56: 

 
Figure 56. Equation. Pressure flow scour design equation including effective velocity. 

Figure 56 is the same as figure 48 except the deck block depth, a, is replaced with the deck 
thickness, b, and the upstream critical velocity, Vuc, is replaced with the effective velocity, Vue.  
In general, cases 2 and 3 can be unified with the equation in figure 51 where the conditions in the 
equations in figure 57 through figure 59 are applied. 

 
Figure 57. Equation. Deck block depth for cases 2 and 3. 

 
Figure 58. Equation. Inundation Froude number for cases 2 and 3. 

 
Figure 59. Equation. Effective velocity for cases 2 and 3. 

 Note that for case 2, the effective velocity, Vue, reduces to the critical velocity, Vuc. 
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MAXIMUM SCOUR DEPTH 

Test of the Hypothesis 

It is hypothesized that the maximum scour depth for cases 2 and 3 can be described in  
figure 51 where λ  and m are positive and zero < β  < 1. To test the equation in figure 51, the 
inundation Froude number, F, and the scour number, (hb+ys)/(hb+a), for the experimental data 
are listed in table 1 through table 3 in columns 4 and 5, respectively, which are also plotted in 
figure 53. Applying the data to the equation in figure 51 and using the least-squares fitting 
function in MatLab, the model parameters are obtained as follows: 

Where: 

λ  =  1.3680. 
m =  2.4090. 
β  =  0.9325. 

The correlation coefficient R2 = 0.9639. 

Figure 53 shows that F and the scour number are appropriate similarity numbers to describe 
bridge pressure flow scour since all the data fall into a single curve regardless of bridge  
girder and sediment size. In addition, the curve has a minimum value at F = 1.2 and 
(hb+ys)/(hb+a) = 0.9055, corresponding to the criterion between cases 1 and 2. The figure also 
shows that the proposed equation agrees well with the data when 0.2  F  1, which corresponds 
to 1.14  hu/hb   3.57. Finally, the dashed line for case 1 is an extension of figure 51. 
Mathematically, when hu approaches hb, F approaches infinity, and the scour number has an 
asymptote, (hb+ys)/(hb+a)  1, which gives ys  zero, since a  zero. This asymptote shows 
that the structure of figure 51 is reasonable. In terms of design, case 1 (where F  > 1.2) is trivial 
since its scour is less than those of cases 2 and 3. 

The Effect of Sediment Size 

When sediment size increases, Vuc increases. The increase in Vue can be computed according to 
the equation in figure 59. F then increases, which results in a decrease in the scour number. As a 
result, scour depth decreases with increasing sediment size. 

The Effect of Deck Inundation 

The bridge opening, hb, appears in both axes in figure 53. To study the effect of hb, the equation 
in figure 51 is rewritten in the equation in figure 60 as follows: 

 
Figure 60. Equation. Maximum scour depth calculation. 
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For example, examine the six-girder deck with 0.078 inches (2 mm) of sediment for an 
experiment. The e
mm = .039 inches 

quation in figure 60 is plotted along with the measured experimental data in 1 
 0

1 m  = 3.28 ft 

ur 
 

n c

figure 61, which shows that when hb > 0.164 ft (0.05 m), scour depth decreases with increases in 
the bridge opening hb. However, if hb  0.164 ft (0.05 m) or the deck is close to the bed, the sco
calculation from figure 60 is significantly less than the measured value. This deviation results
from the velocity profile near the bed. Whe  the de k is close to the bed, Vue is significantly 
smaller, and the energy correction factors  1 and  2 are much larger than the assumed value  
of 1. In other words, the proposed equation in figure 51 is only valid when the bridge deck is a 
sufficient distance above the bed, such as hb/hu > 0.28. 

 
1 mm = 0.039 inches 

Figure 61. Graph. Maximum scour depth versus bridge opening height. 

The Effect of Deck Thickness 

tion of deck thickness, b, is shown in figure 38 through figure 40. Obviously, 

ss. Nevertheless, for case 3, the scour 
k thickness. 1 mm = 0.039 inches 

ncreases almost linearly with b. This implies that to 
reduce ys, b should be minimized in design. 

1 m  = 3.28 ft 

The defini
for  
case 2, the scour is independent of deck thickne
varies with dec
1 m  = 3.28 ft 

Figure 62 shows an example of the ys versus b relationship, assuming that all other variables 
remain constant. It shows that for case 3, ys i

30 
 



 
1 mm = 0.039 inches 
1 m  = 3.28 ft 

Figure 62. Graph. Maximum scour depth versus bridge thickness. 

From this chapter, it is concluded that (1) case 2 or 3 occurs when F  1.2; (2) cases 2 and 3 can 
be unified by the equation in figure 51 when the conditions in figure 57 through figure 59 are 
applied; and (3) once the maximum scour depth is estimated using figure 51, the scour profile 
can be calculated by the equations in figure 22 and figure 23. The next chapter focuses on the 
application of the results of this study through several examples.
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CHAPTER 5. DESIGN PROCEDURE AND APPLICATION EXAMPLES 

CRITICAL VELOCITY EQUATION 

The design with the equation in figure 51 or figure 53 requires the critical approach velocity. 
Besides Neill’s critical velocity equation and the equation in figure 4, several other velocity 
equations are available in the literature corresponding to a specific sediment size range. A 
general equation for the velocity can be derived from the Manning equation and the Shields 
diagram.(4) 

 
Figure 63. Equation. Critical velocity. 

Where:  

Ks  =  The critical Shields number.  

The Manning coefficient, n, is calculated via the following equation in figure 64:  

 
Figure 64. Equation. Manning coefficient. 

 Substituting figure 64 into figure 63 gives the critical velocity equation in figure 65 as follows: 

 
Figure 65. Equation. Critical velocity. 

In the equation in figure 65, the gravitational acceleration, g, is considered for dimensional 
homogeneity, and Ks can be approximated by figure 80 in appendix A. 

Figure 4 is a special case of figure 65 where Ks = 0.039, corresponding to a sand diameter  
d50 = 0.0585 inches (1.5 mm). The equation in figure 65 is a general critical velocity equation for 
sands based on the Shields diagram, and it is recommended in this report. 

Design Procedure 

Consider the design procedure for the following problem: 

Given a design unit discharge q, bridge opening hb, deck thickness b, and bed material diameter 
d50, find the scour depth, ys, and scour profile.  
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The design procedure exists as follows: 

1. Use the Hydrologic Engineering Centers River Analysis System (HEC-RAS) program to 
estimate the approach flow depth hu. Note that the proposed method is based on rectangular 
flume experiments. For natural channels where flow depths are not uniform in the lateral 
dimension, a representative local depth, hu, should be used. 

2. Calculate the critical velocity, Vuc, from figure 65. If the upstream velocity, Vu, is less than or 
equal to Vuc, the proposed equation in this report is used. Otherwise, a procedure for live bed 
scour should be used. 

3. Calculate the deck block depth, a, for clear water scour using the equation in figure 57. 

4. Calculate the effective upstream velocity, Vue, using the equation in figure 59. 

5. Calculate the inundation Froude number, F, using the equation in figure 58 and check if the 
bridge flow is under pressure flow where F  1.2. 

6. Calculate the pressure flow scour depth, ys, using the equation in figure 60. 

7. Plot the design scour profile according to figure 22 and figure 23. 

Column 6 in table 1 through table 3 is obtained using the above procedure. Column 7 shows that 
except for a few tests with little scour and in instances where the deck was positioned very  
close to the bed, most of the calculations generated using the equation in figure 51 are within  
10 percent of the measured values.  

APPLICATION EXAMPLES 

Example 1 (Foundation Design) 

The following example is modified from HEC-18:(4)  

An existing bridge with a deck width of 30.28 ft (10 m) supported by five girders is subjected to 
pressure flow during a 100-year flood. There is only a small increase in flow depth at the bridge 
for the 500-year flood due to the large overbank area. The bed materials are characterized by a 
size of d50 = 0.078 inches (2 mm), and the bridge opening is hb = 26.01 ft (7.93 m) before scour 
occurs. Assuming that the deck thickness including the girders and guardrail is b = 6.56 ft (2 m) 
for case 2 and b = 3.28 ft (1 m) for case 3, calculate the maximum vertical contraction scour 
depth and scour profile using the previously listed steps. 

1. Assume that the HEC-RAS program is used to get the following flow conditions: 

hb  =  31.98 ft (9.75 m). 
Vu  =  3.28 ft/s (1.0 m/s). 
 q =  104.95 ft2/s (9.75 m2/s). 
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2. Calculate the critical velocity according to figure 65. First,  and Ks (which are defined in d
figure 81 and figure 82) are calculated in figure 66. 

 
Figure 66. Equation. Dimensionless diameter. 

The kinematic viscosity has been taken as ν = 10-6. Ks is then calculated as in figure 67. 

 
Figure 67. Equation. Critical Shields number. 

Vuc is then calculated using figure 68. 

 
1 m = 3.28 ft 

Figure 68. Equation. Critical approach velocity. 

The results indicate that this is a clear water scour condition. For bridge safety, the critical 
velocity is applied. 

3. Calculate the deck block depth for b = 6.56 ft (2 m), as seen in figure 69. 

 
1 m = 3.28 ft 

Figure 69. Equation. Deck block depth evaluation. 

The calculated deck block depth indicates that the flow is of the type represented by case 2. 
For case 2, the effective upstream velocity is the same as the upstream critical velocity,  
Vue = 3.86 ft/s (1.176 m/s).  

4. Calculate F, as shown in figure 70. 

 
Figure 70. Equation. Inundation Froude number evaluation to determine pressure flow. 

The results from figure 70 (i.e. F < 1.2) show the bridge flow is under a pressure flow 
condition, and can be described as either case 2 or 3. 
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Calculating the scour depth using the equation in figure 60, the results are shown in  
figure 71.  

 
1 m = 3.28 ft 

Figure 71. Equation. Scour depth evaluation.  

From figure 30, ys is at a distance of x2 from the downstream deck edge. This distance is 
solved in 1 m = 3.28 ft 

figure 72. 

 
1 m = 3.28 ft 

Figure 72. Equation. Maximum scour depth position. 

5. Estimate the equilibrium scour profile, y, by the equations in figure 22 and figure 23, which 
is solved in figure 73 for the case when x  zero.  

 
Figure 73. Equation. Equilibrium scour profile equation, x is less than or equal to zero. 

 
6. Calculate figure 74 for x > zero. 

 
Figure 74. Equation. Equilibrium scour profile equation, x is greater than zero.  

7. Simplify figure 74 to generate the equilibrium scour profile in figure 75. 

 
Figure 75. Equation. Simplified equilibrium scour profile equation, x is greater than zero. 
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The equilibrium scour profile generated by figure 75 is plotted in 1 m = 3.28 ft 

figure 76. 

 
1 m = 3.28 ft 

Figure 76. Graph. Scour profile for example problem. 

Repeating the above steps with b = 3.28 ft (1 m), the maximum scour depth for case 3 can be 
found. This depth, as calculated by this method, and the other three methods examined 
previously is shown in the last column of table 4. 

The maximum scour depths calculated according to the different methods are summarized in 
table 4. In general, the proposed method gives results in the same order of magnitude as the 
previous methods. Nevertheless, the results of the previous methods from the literature might be 
too conservative according to practical experience. 

Table 4. Maximum scour depth estimates by four different methods. 

Method 

Maximum Scour 
Depth for Case 2, 

b = 2 m 

Maximum Scour 
Depth for Case 3, 

b = 1 m 
Arneson and Abt, figure 3 6.58 6.10 
Lyn, figure 5 4.88 4.88 
Umbrell et al., figure 7 8.29 9.52 
Proposed method, figure 60 2.87 2.12 

1 m = 3.28 ft 
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Example 2 (Scour Evaluation) 

For a field scour evaluation for the previous example, if the scour depth is measured at the 
upstream deck edge, it is about -4.89 ft (-1.49 m), as seen in 1 m = 3.28 ft 

figure 77.  

 
1 m = 3.28 ft 

Figure 77. Equation. Scour depth at the upstream deck edge. 

According to figure 32, the corresponding maximum ys is 9.45 ft (2.88 m), as seen below  
in figure 78. 

 
1 m = 3.28 ft 

Figure 78. Equation. Maximum scour depth solution. 

By comparing this scour depth with the designed foundation dimensions, a designer can 
determine whether or not the scour is critical and poses a risk to the structure. 
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CHAPTER 6. FURTHER RESEARCH NEEDS 

This study is based on experiments in a rectangular flume using uniform sands with clear water 
at critical approach velocity and decks with rectangular girders that are far above the river bed. 
The results from the study are the maximum scour value and scour profiles. For cost efficiency, 
it would be beneficial to conduct additional research including the following: 

 Temporal variation of bridge pressure flow scour in clear water: The methods 
proposed in this study are for computing equilibrium scour, which requires a long  
flow duration in flume experiments. The corresponding duration required to reach 
equilibrium scour in field conditions may be considerably larger than the duration of  
a design flood. Thus, further research is needed to estimate the variation in scour depth 
with respect to time. 

 Clear Water Scour with Approach Velocity Less Than Critical Velocity: The 
proposed method assumes that the approach velocity is at critical velocity, which  
results in the maximum scour depth. When the approach velocity is less than the  
critical velocity, the scour should be smaller. Further research is needed to quantify  
this difference for various approach velocities. 

 Clear Water Scour with Sand Mixtures: The proposed method is based on experiments 
using uniform bed materials. Heterogenous bed materials should have an armoring effect, 
which would reduce the scour depth in accordance with the median diameter. Further 
research is needed to quantify the effect of gradations in sediments. 

 Effect of Girder Shapes: This study emphasized decks with rectangular girders. 
Although it was not described herein, a streamlined bridge deck shape was also 
preliminarily tested during the study. It showed a significantly shallower scour hole than 
those beneath the bridges with rectangular girders. Additional research is needed to study 
the effect of different deck and girder shapes on scour. 

 Pier Scour Under Bridge Pressure Flow Conditions: The experiments in this study 
were conducted without piers. The current practice superposes a general scour and a local 
pier scour. This may not be a good assumption because of nonlinear interactions between 
a pier and a fluid under pressure flow conditions. Hence, further research is required to 
understand the nonlinear effects on pier scours under pressure flow conditions. 

 Live-Bed Scour in Bridge Pressure Flows: The proposed method for clear water scour 
is governed by critical velocity. Nevertheless, most river flows are sediment-laden flows 
where scours are governed by sediment transport capacity. Hence, a study on live-bed 
scour is necessary. 

Due to the limitations of the experiment documented in this study, engineering judgment should 
be exercised when developing new designs or retrofitting existing structures in natural channels 
using the proposed method. 
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CHAPTER 7. CONCLUSIONS 

Several conclusions can be drawn from this study. A set of high-quality data on bridge pressure 
flow scour have been obtained. The data show that the horizontal scour depends on deck width. 
The scour starts at about 1 deck width upstream of the bridge, as shown in figure 28, and the 
deposition starts at about 2.5 deck widths downstream of the bridge, as shown in figure 31. A 
second conclusion is that a similarity scour profile exists where the horizontal length is 
normalized to the deck width and the vertical dimension to the maximum scour depth, as shown 
in figure 22 and figure 23. In addition, the similarity scour profile is mostly independent of the 
number bridge girders and sediment size. The dataset obtained can be a benchmark for further 
studies, and the similarity relations can be used for field scour evaluation. 

An analytical solution for pressure flow scour has been presented. The theoretical study showed 
that the study of bridge flow scour can be divided into three cases: case 1 is open channel flow, 
while cases 2 and 3 are rapidly varied pressure flow. For pressure flow, the maximum scour 
depth can be described by a scour number and an inundation number, as in figure 51 or figure 53. 
The maximum scour depth decreases with increasing sediment size, but it increases with deck 
inundation and thickness. The analytical solution can predict the maximum scour and a 
corresponding scour profile. Since the analytical solution is based on the energy and mass 
conservation laws, it is expected to be applicable to prototype flows without scaling effects. 

The proposed method has been validated with the flume data, and an application procedure with 
examples has been presented. Nevertheless, engineering judgment is required in practice when 
developing new designs or retrofitting existing structures in natural channels.
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APPENDIX A. MAXIMUM SCOUR DEPTH FOR CASE 1 

Referring to figure 38, when the scour reaches its equilibrium state, the downstream flow is 
uniform with a critical bed shear stress. If the uniform flow is described by the Manning equation 
and the critical bed shear stress by the Shields diagram, the downstream flow depth is the same 
as that in clear water contraction scour.(4) 

 
Figure 79. Equation. Downstream flow depth. 

Where:  

h  =  The downstream flow depth.  
n  =  Manning coefficient. 
q  =  Unit discharge. 

The Ks for sands can be found with the equation in figure 80.(7) 

 
Figure 80. Equation. Critical Shields number approximation by Guo. 

In which: 

 
Figure 81. Equation. Shields number. 

 
Where: 

c  The critical bed shear stress. 

 The dimensionless diameter, , is defined in figure 82. 

 
Figure 82. Equation. Dimensionless diameter. 

 
Where: 
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ν  =  The kinematic viscosity of water. 
h  =  The downstream flow depth, which is the available uniform flow depth after scour.  

The scour depth can be found by the energy equation between points 1 and 2 in figure 38 where 
the datum is chosen at the maximum scour bed elevation (see figure 83).  

 
Figure 83. Equation. Energy equation between points 1 and 2. 

Where: 

 1 and  2  =  Energy correction coefficients. 
Kb =  Entrance energy loss coefficient, which can be taken as 0.52 according to a box 

culvert experiment.(8) Note that the energy loss due to friction has been neglected 
because of the short distance between points 1 and 2. 

The scour depth from figure 83 is then represented in figure 84 as follows: 

 
Figure 84. Equation. Scour depth. 

In the figure, the relationship Vu = q/hu has been used. Theoretically, case 1 is well defined with 
figure 79 to figure 84. Practically, case 1 is only a short transition to case 2. This is because the 
upstream submerged portion of the bridge is not significant. As scour develops, the eroded 
materials will deposit somewhere downstream of the bridge. That sediment raises the tailwater 
and causes the downstream deck to become submerged. 
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APPENDIX B. DERIVATION OF PRESSURE UNDER BRIDGE DECK 

The Bernoulli equation across streamlines is expressed below in figure 85.(9)  

 
Figure 85. Equation. Bernoulli equation across streamlines. 

Where: 

 Local radius of curvature of a streamline. 
n  =  Normal coordinate to the streamline and toward concave side.  

The flow through the maximum scour cross section can be simplified with circular streamlines 
and constant velocity, Vb, as shown in figure 87. Applying figure 85 to the vertical line gives 
figure 86 as follows: 

 
Figure 86. Equation. Bernoulli equation applied to circular streamlines. 

The coordinates n and z are collinear along the vertical line that passes through the maximum 
scour point. 
 
R0  =  The radius of curvature at the maximum scour point as shown in figure 81, and the local 

radius  at position z has been applied.  

 
Figure 87. Illustration. Radii of curvature. 

Integrating the equation in figure 86 gives figure 88. 

 
Figure 88. Equation. Integration of figure 86. 
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Applying the equation in figure 88 to point 2 where z2 = hb yields figure 89, which is valid for 
any velocity at point 2. 

 
Figure 89. Equation. Bernoulli equation solved at point 2. 

If Vb = zero from figure 39, the equation in figure 90 is generated as follows: 

 
Figure 90. Equation. Pressure at point 2 when Vb equals zero. 

The downstream free surface is taken as the reference since it is close to point 2. Substituting 
figure 90 and Vb = zero into figure 89 gives the integration constant seen in figure 91 as follows: 

 
Figure 91. Equation. Solution for integration constant. 

Substituting figure 91 into figure 89 and rearranging it gives the general equation at point 2, as 
shown in figure 92 as follows: 

 
Figure 92. Equation. Pressure at point 2. 

The curvature coefficient, Kp, is defined in the equation figure 93 as follows:  

 
Figure 93. Equation. Curvature coefficient. 

Through substitution, figure 92 becomes the equation seen in figure 94, in which the last term is 
called a curvature pressure. The parameter, Kp, represents the effect of the streamline curvature 
under the bridge. The equation in figure 93 is used in figure 41. 

 
Figure 94. Equation. Pressure at point 2 with curvature coefficient simplification. 
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