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Abstract: Extreme rainfall events, larger than 500-year floods, have produced a large number of
flooding events in the land and also close to the shore, and have resulted in massive destruction of
hydraulic infrastructures because of scour. In light of climate change, this trend is likely to continue in
the future and thus, resilience, security and sustainability of hydraulic infrastructures has become an
interesting topic for hydraulic engineering stakeholders. In this study, a physical model experiment
with a geometric similarity of the bridge embankments, abutments, and bridge deck as well as river
bathymetry was conducted in a laboratory flume. Flow conditions were utilized to get submerged
orifice flow and overtopping flow in the bridge section in order to simulate extreme hydrologic
flow conditions. Point velocities of the bridge section were measured in sufficient details and the
time-averaged velocity flow field were plotted to obtain better understandings of scour and sediment
transport under high flow conditions. The laboratory study concluded that existing lateral flow
contraction as well as vertical flow contraction resulted in a unique flow field through the bridge
and the shape of velocity profile being “fuller”, thereby increasing the velocity gradients close to
the bed and subsequently resulting in a higher rate of bed sediment transport. The relationships
between the velocity gradients measured close to the bed and the degree of flow contraction through
the bridge are suggested. Furthermore, based on the location of maximum scour corresponding to
the measured velocity flow field, the classification of scour conditions, long setback abutment scour
and short setback abutment scour, are also suggested.

Keywords: abutment; overtopping flow; pressure flow; physical hydraulic modeling; scour and
velocity field

1. Introduction

Usually, bridge foundation failure occurs due to the processes of (1) contraction scour-scouring
across the entire channel due to the flow contraction caused by the bridge opening and deflection of
floodplain flow into the main channel and (2) local scour at the base of piers and abutments caused
by local flow contraction, down flow, and formation of a horseshoe vortex that wraps around the
obstructions. Thus, the contraction scour and the local scour (pier scour and abutment scour) have
been considered as two separate types of scour caused by different processes.

However, recent studies [1,2] show that abutment scour can be expressed as one type of contraction
scour, not as a fundamental mechanism of local scour. When flow area is reduced by the bridge
opening, velocity and bed shear stress are increased in order to satisfy continuity and momentum
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equations. The higher velocity resulted in increased erosive force, so more bed material is removed
from the contracted section. In addition to the higher velocity due to the flow contraction, local flow
structures associated with the base of the abutment result in additional erosion around the abutment.
Due to the local flow structures, the scour depth near the upstream edge or corner of the abutment is
usually deeper than that near the center of the channel. Thus, the combined effect of flow contraction
as well as the local flow structure around an abutment made the problem of abutment scour more
challenging. Although some researchers have suggested the need for more research on the subject of
local flow structures and velocity distribution, past studies [3–10] have provided acceptable insight for
the mechanisms of local flow structure around single and a group of bridge foundations under free
flow conditions. However, for high flow conditions such as in an extremely hydrologic event, there is
no widely applicable abutment scour formula, and the term has not been distinctly defined because of
difficulties in understanding the complicated flow and scouring mechanism combined with complex
geometries of bridge and various flow conditions.

Furthermore, a lot of research on bridge scour has focused only on simple and idealized situations
where the bridge is placed in straight rectangular channels, even though many bridges are sited in
non-rectangular channels whose geometry and hydraulic characteristics are site-specific in the real
world. Thus, in this study, scour experiments were carried out in a compound channel cross-section
using various lengths of bridge under free-surface flow (F) as well as in submerged orifice flow (SO),
and overtopping flow (OT) cases. To investigate the effect of bridge submergences during large
flooding scenarios, a bridge deck model was constructed based on the bridge design and dimensions
commonly used in a rural region in the United States (USA). To understand the complex flow physics
through the bridge, three components of velocities were measured by acoustic Doppler velocimeters
(ADV).

The experimental results show new insights into the velocity flow field through the scour-critical
bridges subject to the submerged orifice flow and overtopping flow during extreme flooding events. It
is shown that vertical flow contraction by submerged flow resulted in a unique flow field through
which the bridge and the shape of vertical velocity profile are “fuller” and thereby push the location of
the maximum velocity closer to the bed, increasing the shear stress and erosion. Because the unique
shape of velocity profile under the submerged flow causes higher erosion rate on the bed, examination
of the relationships between the velocity gradient measured close to the bed and the non-dimensional
parameters commonly used for the contraction scour is suggested to understand the effect of local flow
variables on the scour. Furthermore, with the locations of the maximum scour corresponding to the
measured velocity flow field, the scour conditions, long setback abutment scour and short setback
abutment scour were classified for the practitioners to use in bridge design.

2. Methodology

2.1. Experimental Setup

In a previous study [11–13], laboratory experiments were carried out using a 1:60 scaled hydraulic
model of the Towaliga River bridge at Macon, Georgia, USA including the full river bathymetry.
The field data including measured discharge, bed elevation of cross sections, and gage height from the
United State Geology Service (USGS) were reproduced by Froude number similarity. The previous
experimental results showed that the hydraulic model can reproduce field scour data.

For the current set of experiments, the cross section shape and river geometry used in the previous
experiments were slightly simplified and modified for the experiments to address more general features
of the velocity flow field. The shape of the floodplain was horizontal on both sides of the main channel
cross-section while preserving the original parabolic shape of the main channel. Also, the channel was
constructed to have a straight alignment rather than meandering and all the piers were removed to be
able to focus on the abutment scour. Figure 1 shows the modified laboratory model for the experiment
in the flume and initial contour before the scouring experiment.
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Figure 1. Laboratory model in this study in (a) and initial contour with velocity measurements cross 
sections in (b). 

The approach channel upstream of the bridge was 11 m long followed by a working mobile bed 
section with a length of approximately 5.2 m in which the bridge model was placed. The fixed bed 
approach section was filled with 3.3 mm of gravel, and the 5.2 m moveable bed working section was 
filled with sand with d50 = 1.1 mm and σg = 1.3, where d50 and σg is the median diameter of sand and 
the geometric standard deviation often to describe the grain size distribution. To ensure a fully 
developed boundary layer at the bridge approach section consistent with the moveable bed sediment 
size, the fixed-bed approach channel consisted of a surface layer of fixed 1.1 mm sand having a depth 
of 3 cm. Based on the results, the approach channel has enough length to obtain a fully developed 
turbulent flow before reaching the moveable bed section. The range of approach section length/flow 
depth is 80 to 150, and the velocity measurements in the approach of the bridge, measured 3 m 
upstream of the bridge, shows perfect logarithmic velocity profiles for all the experimental cases (R2 
= 0.99) [14]. At the downstream of moveable bed section, there is 1.6 m long sediment trap section; 
this section trapped the sediment transported out of the working moveable bed section.   

The model of the embankment and abutment was constructed as an erodible fill with rock riprap 
protection [1,2,14]. Three different lengths of erodible-embankment/abutment were modeled to 
simulate wide range of flow contractions on the left floodplain, but on the right floodplain, the toe of 
the abutment was maintained at the bankline for all experiments. This arrangement allowed the 
study of bankline abutment as well as setback abutments in the floodplain simultaneously under 
realistic geometric conditions similar to in the field. Based on the above modifications, abutment and 
embankment lengths and river bathymetry to be modeled in the laboratory were constructed as 
shown in Figure 2a. The ratio between abutment lengths (La) to the floodplain width (Bf), La/Bf, varied 
from 0.53 to 0.88 in the left floodplain. One of the main purposes of this study is to find the effect of 
velocity flow field on scour through the bridge for extreme hydrologic conditions. In those extreme 
conditions, overtopping or submerged orifice flow is likely to occur at the bridge. To simulate those 
extreme cases, the following dimensions normally used in a bridge design in rural region were used 
for the model bridge deck. 

(a) Width of bridge deck 12.2 m, in accordance with standard two-lane roads; 
(b) Bridge barrier 0.61 m high with 0.46 m top without sidewalks on non-bicycle routes; 
(c) Slab depth of 0.46 m including the pavement; 
(d) Girders 0.43 m wide and 0.46 m deep with 2.74 m spacing. 
These design dimensions are commonly used for rural region two-lane bridges. Based on the 
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Figure 1. Laboratory model in this study in (a) and initial contour with velocity measurements cross
sections in (b).

The approach channel upstream of the bridge was 11 m long followed by a working mobile bed
section with a length of approximately 5.2 m in which the bridge model was placed. The fixed bed
approach section was filled with 3.3 mm of gravel, and the 5.2 m moveable bed working section was
filled with sand with d50 = 1.1 mm and σg = 1.3, where d50 and σg is the median diameter of sand and the
geometric standard deviation often to describe the grain size distribution. To ensure a fully developed
boundary layer at the bridge approach section consistent with the moveable bed sediment size, the
fixed-bed approach channel consisted of a surface layer of fixed 1.1 mm sand having a depth of 3 cm.
Based on the results, the approach channel has enough length to obtain a fully developed turbulent
flow before reaching the moveable bed section. The range of approach section length/flow depth is
80 to 150, and the velocity measurements in the approach of the bridge, measured 3 m upstream of
the bridge, shows perfect logarithmic velocity profiles for all the experimental cases (R2 = 0.99) [14].
At the downstream of moveable bed section, there is 1.6 m long sediment trap section; this section
trapped the sediment transported out of the working moveable bed section.

The model of the embankment and abutment was constructed as an erodible fill with rock
riprap protection [1,2,14]. Three different lengths of erodible-embankment/abutment were modeled
to simulate wide range of flow contractions on the left floodplain, but on the right floodplain, the
toe of the abutment was maintained at the bankline for all experiments. This arrangement allowed
the study of bankline abutment as well as setback abutments in the floodplain simultaneously under
realistic geometric conditions similar to in the field. Based on the above modifications, abutment and
embankment lengths and river bathymetry to be modeled in the laboratory were constructed as shown
in Figure 2a. The ratio between abutment lengths (La) to the floodplain width (Bf), La/Bf, varied from
0.53 to 0.88 in the left floodplain. One of the main purposes of this study is to find the effect of velocity
flow field on scour through the bridge for extreme hydrologic conditions. In those extreme conditions,
overtopping or submerged orifice flow is likely to occur at the bridge. To simulate those extreme cases,
the following dimensions normally used in a bridge design in rural region were used for the model
bridge deck.
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(a) Width of bridge deck 12.2 m, in accordance with standard two-lane roads;
(b) Bridge barrier 0.61 m high with 0.46 m top without sidewalks on non-bicycle routes;
(c) Slab depth of 0.46 m including the pavement;
(d) Girders 0.43 m wide and 0.46 m deep with 2.74 m spacing.

These design dimensions are commonly used for rural region two-lane bridges. Based on the
prototype dimension, the 1:45 length scale bridge deck was constructed as shown in Figure 2b and a
solid bridge deck model was supported and leveled with respect to an upper support beam as shown
in Figure 1a.
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Figure 2. Geometries for (a) compound channel and abutment before scouring and (b) shape of model
bridge deck.

2.2. Experimental Procedure

After completion of laboratory setup, the flume was filled with water slowly enough to saturate
sand in working moveable-bed section without changing the original contours. After complete
saturation, the initial bed elevations were measured in detail throughout the test section using an
ADV and a point gage. The ADV gives distance from the sampling volume to the bed, which can be
converted into elevation relative to the fixed datum by reading the point gage. After that, the required
discharge and a flow depth larger than the target value were set by using a magnetic flow meter and
by adjusting a tailgate, respectively, to prevent un-expected scour (erosion) while the experimental
condition was set. Then, the tailgate was lowered slowly enough to achieve the target value of flow
depth without abrupt water depth change. During this time, the point gage and/or wave gage mounted
on the instrument carriage were used to measure the flow depth. Once the target flowrate and flow
depth had been reached, the experiment was continued for five to six days until equilibrium scour was
achieved (change in scour depth less than 2% within 24 hour). At the end of experiment, the equilibrium
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bed elevations were measured in the same way as in the initial bed-elevations measurements using
the ADV and the point gage. The end of the experiment was defined when the scour depth reached
the equilibrium state at which there were negligible changes in bed elevation with time. Once each
experimental study was completed, the original river model was re-constructed, and scour experiment
was re-started under same procedure as explained above using different flow variables. Total eighteen
experimental conditions were used for the scour experiments to satisfy the purpose of the research.

Then, after the moveable bed experiments, the complete river bathymetry was modeled with
a fixed-bed channel by spraying it with polyurethane. In the fixed-bed experiments, water surface
profiles and velocities were measured to address the initial hydraulic conditions. Figure 1b shows the
velocity measuring cross section (C.S. 1 and C.S. 2) along the bridge. Velocities were taken every 15 cm
laterally in both the floodplain and the main channel. A minimum of six measuring points in each
vertical profile and as many as 15 points were measured at both C.S. 1 and C.S. 2. With a similar way
as in the bridge section, velocities were also measured at 3 m from the upstream face of the bridge for
the approach flow velocity. During the velocity measurements, correlation values in these experiments
were greater than 80% and the Signal Noise Ratio (SNR) was greater than 15. The sampling frequency
of the ADV was chosen to be 25 Hz with a sampling duration of two minutes and perhaps as much
as five minutes depending on the turbulence at each measuring location [14–19]. The phase-space
despiking algorithm of Goring and Nikora [20] was also employed to remove any spikes in the time
record caused by aliasing of the Doppler signal, which sometimes occurs near a boundary.

3. Results and Discussion

Initial hydraulic parameters measured in fixed bed have been summarized in Table 1: Q is the
total discharge; Vf1/Vfc1 and Vm1/Vmc1 is approach flow intensity in the floodplain and in the main
channel, respectively, where Vf1 and Vm1 is approach flow velocity and Vfc1 and Vmc1 is approach flow
critical velocity calculated by Keulegan’s equation; yf1 and ym1 is the water depth of floodplain and
main channel in the approach section, respectively; qf2/qf1 and qm2/qm1 is unit discharge contraction
ratio in the floodplain and main channel, respectively; W is the setback distance; Lm is the traverse
distance from the toe of the abutment to the maximum scour hole depth. The definition sketch for the
variables are shown in Figure 3.

Table 1. Initial experimental parameters and results for location of maximum scour depth.

Run Flow
Type

Q
(m3/s)

La
Bf

Vf1

Vfc1

Vm1
Vmc1

Yf1
(m)

Ym1
(m)

qf2

qf1

qm2
qm1

Lm
yf1

W
yf1

Cond-Itions

1 F 0.093

0.53

0.61 0.83 0.074 0.152 1.818 1.543 3.70 16.46 A
2 SO 0.116 0.60 0.73 0.106 0.184 1.875 1.483 3.75 11.53 A
3 OT 0.164 0.61 0.72 0.149 0.227 1.148 1.146 2.05 8.20 A
4 F 0.085 0.58 0.77 0.075 0.153 1.755 1.441 4.05 16.19 A
5 SO 0.110 0.57 0.68 0.108 0.186 1.781 1.416 3.38 11.27 A
6 OT 0.150 0.56 0.64 0.148 0.226 1.25 1.100 1.86 8.26 A

7 F 0.085

0.71

0.54 0.74 0.076 0.154 2.236 1.756 5.24 10.08 A
8 SO 0.103 0.53 0.71 0.103 0.181 2.257 1.602 5.05 7.42 A
9 OT 0.150 0.56 0.66 0.150 0.228 1.176 1.243 1.63 5.09 A
10 F 0.074 0.49 0.72 0.073 0.151 2.208 1.539 4.15 10.37 A
11 SO 0.091 0.49 0.61 0.105 0.183 2.223 1.647 4.08 7.29 A
12 OT 0.130 0.50 0.57 0.147 0.225 1.278 1.262 1.45 5.18 A

13 F 0.074

0.88

0.44 0.69 0.076 0.156 * 1.904 5.84 4.03 C
14 SO 0.088 0.43 0.63 0.103 0.180 * 1.951 4.76 2.97 C
15 OT 0.130 0.45 0.57 0.150 0.227 * 1.422 2.46 2.04 C
16 F 0.062 0.38 0.55 0.073 0.155 * 1.976 4.72 4.15 C
17 SO 0.074 0.37 0.52 0.105 0.181 * 1.902 4.44 2.92 C
18 OT 0.110 0.40 0.50 0.147 0.224 * 1.481 2.09 2.07 C

(Subscript 1 and 2 refers to the approach section and bridge section, respectively; Condition A = long setback and
Condition C = short setback abutment; symbol *: discharge per unit width in the bridge section were only measured
in the main channel for short setback abutment).
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Figure 3. Definition sketch for classification of scour conditions.

As shown in Table 1, in the first three runs, the value of Vf1/Vfc1 (approach flow intensity parameter)
was similar. The experimental plan was to reproduce increasing tailwater with increasing discharge
according to a tailwater rating curve, just as would occur in the field moving from F to SO to OT flow.
The experiments were conducted in such a fashion that Vf1/Vfc1 was held constant in the floodplain for
a series of runs encompassing the three flow types for a given abutment length. This arrangement
allowed us to find the effect of different flow types in scour because three flow types were encountered
for different value of discharge and water depth, but their approach flow intensity parameter remained
nearly constant for the three runs. The same conditions were also applied to other sets of the experiment.
As explained in Hong et al. [2], the magnitude of maximum scour depth increased as the flow type
changed from free flow (F) to submerged orifice flow (SO) and then decreased again for overtopping
flow (OT) while holding the flow intensity (Vf1/Vfc1) constant. This pattern can be found in Figure 4.
The scour depth is decreased in OT compared to SO even if the discharge is higher. This can be
explained by the flow relief over the deck in OT rather than under the bridge. In most cases, the value
of maximum scour depth was greater for OT flow than for F flow depending on the fraction of the
total flow going under the bridge.
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3.1. Classification of Abutment Scour

Figure 4 shows the selected bed contours after each run. Based on the findings from Hong [14],
the scour hole moved downstream from the abutment over time and the region of the deepest scour
hole was located near the downstream region of the abutment. Because the scour process differed
depending on the flow type over time, the detailed location of the deepest scour depth was case
dependent. However, a similar trend can be deduced with respect to the shape of the scour hole
and locations of the maximum scour depth in the experiments conducted with the same length of
abutment. As shown in Figure 4, for runs 1, 2, and 3, the scour hole shape in the left floodplain
showed curvature around the abutment, and the resulting point of the maximum scour was located
downstream of the abutment. Similar findings can be applied for runs 7, 8, and 9. However, for runs
13, 14, and 15 with a longer abutment, the scour hole initially developed around the upstream corner
of the abutment, the same as in the other runs, and then moved along the toe of the abutment in the
left floodplain. However, as the scour hole elongated diagonally from the face of the abutment over
time, the resulting point of maximum scour hole depth terminated at the bankline of the main channel,
thus, the maximum scour depth in equilibrium was located inside the main channel on the bank side
slope. For the bankline abutment in the right floodplain when looking downstream, the maximum
scour depth can be found around the main channel side slope downstream of the bridge.

As explained in the previous paragraph, the location of maximum scour depth around the
abutment varies in accordance with the length of abutment because the velocity flow field developed
by the geometrical characteristics of an abutment is a leading factor to define the location of maximum
scour depth. Thus, Melville and Coleman [4] classified the abutment to account for the effect of
abutment/embankment length on the scour depth. In their classification, Case A applies to the abutment
sited in a rectangular channel, while Case B represents the abutment that is sited on a floodplain and
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extended into the main channel. Case C is an abutment set well back from the main channel such that
all scour takes place on the floodplain only. Case D is the limit of Case B and C where the abutment
protrudes out to the edge of the main channel. Also, Chang and Davis [21,22] classified the abutment
by the three categories as short, intermediate and long depending on the value of the setback distance
and assumed that converging flow under the bridge with the abutment near the channel bank (long
abutment) is mixed with the flow in the main channel and distributed uniformly. On the other hand, if
the abutment is set well back from the channel bank, it is assumed that the overbank flow and the
main channel flow remain separated from each other and do not mix as the flow passes under the
bridge. Similar as in the previous research, scour conditions are classified as three cases, Condition
A, Condition B, and Condition C in this study, but instead of using the length of the abutment, the
scour conditions were classified in accordance with the location of maximum scour hole with respect
to geometric ratio between length of abutment and width of the floodplain.

To find whether the maximum scour hole occurs in the floodplain or in the main channel, the
non-dimensional value of W/yf1 was compared with Lm/yf1. When the value of Lm/yf1 is larger than that
of W/yf1, the location of maximum scour hole is in the main channel. The maximum value of Lm/yf1
in all experiments is 5.84 in Run 13, as shown in Table 1. Thus, if the value of W/yf1 is smaller than
approximately 6, the location of the maximum scour hole is expected to be outside of the floodplain.
Thus, based on the findings in this study, clear water abutment scour conditions can be classified as:
Condition A - long setback abutment scour; Condition B - bankline abutment scour; and Condition C
- short setback abutment scour. The detailed descriptions and classification in terms of the ratio of
setback distance (W) to the approach flow depth in the floodplain, W/yf1, in this study are given below:

• Condition A (W/yf1 > 6, La/Bf = 0.53 and 0.77): In a long setback abutment, scour occurs in the
floodplain only, well removed from the main channel;

• Condition B (W/yf1 = 0, La/Bf = 1.0): For a bankline abutment, maximum scour occurs in the main
channel of a compound channel;

• Condition C (W/yf1 < 6, La/Bf = 0.88): In a short setback abutment, scour occurs on the floodplain
in the initial stage, but maximum scour at equilibrium occurs in the main channel because the
setback distance is short.

3.2. Velocity Flow Field around the Abutment

The unique shape of the scour hole around an abutment, which results from a longitudinal and
diagonal displacement of the deepest scour point relative to the abutment face, can be explained by the
velocity flow field around the abutment. Thus, to understand the complex flow physics and resulting
sediment transport, velocities were measured at C.S. 1 and C.S. 2. Figure 5 shows the resultant velocity
vectors in y direction (v) and z direction (w) in the floodplain and in the main channel for runs 1, 3
(F) and 13, 15 (OT). As shown in Figure 5, in the cross-sectional velocity plot at upstream face of the
bridge (C.S. 1) and the downstream face of the bridge (C.S. 2), higher magnitude velocity vectors
are observed around the abutment resulting from local lateral flow contraction where deeper scour
can occur as the contracted flow curved around the abutment. For runs 13 and 15, the velocity is
even higher than in runs 1 and 3 because of the higher lateral flow contraction in longer abutment.
In addition to the existing lateral flow contraction, for the cases with higher discharge (SO and OT
case), the submergence of the upstream face of the bridge produced vertical flow contraction (i.e.,
the downward component of the velocity vectors in Figure 5c,g). However, at C.S. 2 (downstream of
the bridge section in Figure 5d,h), the upward components of velocity are observed. The downward
velocity in upstream and upward velocity in downstream flow motion through the bridge induced by
the bridge deck resulted in vertical contraction scour because the flow is accelerated, then decelerated.
For Run 2 and Run 3, as shown in Figure 4, the lower bed elevation along the location of bridge deck
in the floodplain is the result of vertical flow contraction by the unique velocities motions under the
bridge. For the cases in other runs, similar observations as in runs 2 and 3 for the contours cannot be
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discovered because of the extent of abutment scour hole. However, the existing lateral flow contraction
as well as vertical flow contraction definitely shows the higher scour depth through the bridge.
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In the main channel, the v-w velocity plots also show unique flow motions. The narrow bridge
opening induced by the abutments forced the water to re-enter through the bridge opening, causing
lateral directional velocity. As shown in the Figure 5, for the setback abutment in the left floodplain,
the flow moved towards the main channel, but the amount of shifting velocity was small compared to
that of the bankline abutment in the right floodplain. Because the direction of lateral velocity vectors
from the left side of abutment and the right side of abutment are opposite, the strong momentum
transfer occurs when they meet at one point, and the interaction resulted in large counter clock-wise
secondary current observed within the main channel. This secondary current initiates another scour
hole close to the toe of the left-side slope within the main channel [23]. As shown in Figure 4, however,
maximum scour depth around the bankline abutment occurred in the bottom of the main channel
near the toe of the right bank. In fact, there appears to be interaction between the two scour holes
from the left and right abutments during the initial scour development, but there was one remaining
scour hole left in the equilibrium stage. Kara et al. [24] have applied a 3D numerical model to the
problem of compound channel flows because the flow and turbulence distributions are so important
to the prediction of scour when a bridge abutment is placed in a compound channel. Their results
show the important contribution of secondary currents and turbulent stresses to the apparent shear
stress at the main channel/floodplain interface when the momentum equation is depth-averaged. Both
the secondary current and turbulent stress contributions to the apparent shear stress increase as the
relative depth in the floodplain decreases.

Figure 6 shows the vertical velocity profiles for each run measured in the floodplain (Figure 6a)
and in main channel (Figure 6b). It is interesting to note that the shape of velocity profiles is different
for the case with submerged flow compared to in the free flow case. The vertical velocity measurement
location (yx) on the ordinate axis has been non-dimensionalized by total water depth (Y) and the point
velocity measurements (Vx) was normalized by depth-averaged velocity (V) in Figure 6. Submergence
of the bridge during extreme hydrologic events produced vertical flow contraction leading to more
complex flow field through the bridge than in the free flow cases. As shown in Figure 6, the presence
of bridge deck resulted in a “fuller” velocity profile than in the free flow cases and tends to shift the
higher velocity closer to the bed. The degree of shifting of higher velocity closer to the bed is a key
element to understanding the intensity of shear stress that causes erosion.

Water 2018, 10, x FOR PEER REVIEW  10 of 13 

 

In the main channel, the v-w velocity plots also show unique flow motions. The narrow bridge 
opening induced by the abutments forced the water to re-enter through the bridge opening, causing 
lateral directional velocity. As shown in the Figure 5, for the setback abutment in the left floodplain, 
the flow moved towards the main channel, but the amount of shifting velocity was small compared 
to that of the bankline abutment in the right floodplain. Because the direction of lateral velocity 
vectors from the left side of abutment and the right side of abutment are opposite, the strong 
momentum transfer occurs when they meet at one point, and the interaction resulted in large counter 
clock-wise secondary current observed within the main channel. This secondary current initiates 
another scour hole close to the toe of the left-side slope within the main channel [23]. As shown in 
Figure 4, however, maximum scour depth around the bankline abutment occurred in the bottom of 
the main channel near the toe of the right bank. In fact, there appears to be interaction between the 
two scour holes from the left and right abutments during the initial scour development, but there 
was one remaining scour hole left in the equilibrium stage. Kara et al. [24] have applied a 3D 
numerical model to the problem of compound channel flows because the flow and turbulence 
distributions are so important to the prediction of scour when a bridge abutment is placed in a 
compound channel. Their results show the important contribution of secondary currents and 
turbulent stresses to the apparent shear stress at the main channel/floodplain interface when the 
momentum equation is depth-averaged. Both the secondary current and turbulent stress 
contributions to the apparent shear stress increase as the relative depth in the floodplain decreases. 

Figure 6 shows the vertical velocity profiles for each run measured in the floodplain (Figure 6a) 
and in main channel (Figure 6b). It is interesting to note that the shape of velocity profiles is different 
for the case with submerged flow compared to in the free flow case. The vertical velocity 
measurement location (yx) on the ordinate axis has been non-dimensionalized by total water depth 
(𝑌) and the point velocity measurements (Vx) was normalized by depth-averaged velocity (𝑉) in 
Figure 6. Submergence of the bridge during extreme hydrologic events produced vertical flow 
contraction leading to more complex flow field through the bridge than in the free flow cases. As 
shown in Figure 6, the presence of bridge deck resulted in a “fuller” velocity profile than in the free 
flow cases and tends to shift the higher velocity closer to the bed. The degree of shifting of higher 
velocity closer to the bed is a key element to understanding the intensity of shear stress that causes 
erosion. 

  
(a) (b) 

Figure 6. Vertical velocity profiles for (a) in the floodplain and (b) in the main channel 

Thus, the degree of shifting of velocity at the bed is explored with non-dimensional parameters 
commonly used for the theoretical contraction scour. Hong et al. [2], with their experimental results, 
confirmed that maximum scour around an abutment can be considered as some amplification of the 
theoretical contraction scour, 𝑉 𝑉⁄ 𝑞 𝑞⁄ . Previously, this concept has only applied to the free 
flow cases. However, they observed that maximum scour depth even in different flow types can be 

Figure 6. Vertical velocity profiles for (a) in the floodplain and (b) in the main channel

Thus, the degree of shifting of velocity at the bed is explored with non-dimensional parameters
commonly used for the theoretical contraction scour. Hong et al. [2], with their experimental results,
confirmed that maximum scour around an abutment can be considered as some amplification of the
theoretical contraction scour, (V1/Vc)(q2/q1). Previously, this concept has only applied to the free
flow cases. However, they observed that maximum scour depth even in different flow types can be
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calculated with the product of (V1/Vc) and (q2/q1), as long as the flow contraction ratio(q2/q1) is
predicted accurately. Thus, the effect of submerged orifice flow and overtopping flow provided by the
vertical flow contraction as well as the lateral flow contraction can also be parameterized by the flow
contraction ratio. In this study, the velocity gradients (slope) between the origin and a point measured
around 20% of water depth was decided using the vertical velocity profiles shown in Figure 6 and are
plotted for the floodplain in Figure 7a and for the main channel in Figure 7b, respectively, according to
the dimensionless variables, (V1/Vc)(q2/q1), suggested by the theoretical contraction analysis. As
shown in Figure 7, as the dimensionless variables, (V1/Vc)(q2/q1), in the x-axis increases, the value of
slope decreases because the higher flow contraction increases the velocity close to the bed, leading to
the milder slope shown in Figure 6. The measured slope from each profile seems to follow the same
trend, even if they have different flow types because the value of q2/q1 can be a viable indicator of
the combined influence of vertical flow contraction as well as lateral contraction, as explained in the
previous paragraph.
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A least-squared regression analysis was conducted on the data given in Figure 7, and the best-fit
equation is given by

Slope = 1.98 ×
[
(

V f 1

V f c1
)(

q f 2

q f 1
)

]−0.514

, for floodplain (1)

Slope = 1.91 ×
[
(

Vm1

Vmc1
)(

qm2

qm1
)

]−0.635

, for main channel (2)

with coefficients of determination of 0.91 and 0.87, respectively. Equations (1) and (2) can be used to
calculate bed shear stress because shear stress is decided by the velocity gradient (slope). Theoretically,
scour is initiated when the bed shear stress induced by the flow is larger than the value of critical shear
stress of the bed sediment size and the magnitude of scour depth is directly related to the value of
shear stress. Thus, predicting shear stress is key driver to a better understanding of scour around an
abutment. Furthermore, the provided equations can be used for bed shear stress closure of numerical
modeling around bridge abutments for model developers.

4. Conclusions

A lot of research in past twenty years has focused on a particular type of bridge foundation
scour, e.g. pier scour and/or abutment scour using simple experimental set-up. Thus, so far,
engineers and researchers have been using SINGLE factors such as mean hydraulic variables, Reynolds
stresses, turbulent kinetic energy (TKE), vorticity, and other measures of turbulent structure to
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understand/calculate the scour depth. However, recent extreme rainfall events associated with climate
change can often result in submerged orifice flow with or without overtopping flow, in which the flow
field through the bridge is more complex because of the simultaneous existence of local turbulence
around the base of the structure as well as vertical flow contraction in addition to the lateral flow
contraction. Thus, in this paper, for the investigation of the complex mechanism of scour under extreme
hydrologic events, laboratory experiments were conducted using scale down river geometry and the
detailed velocity flow field through the bridge were measured. The results show that, in addition
to the local turbulence structure being wrapped around the base of abutment, higher cross-sectional
velocity around an abutment due to the local flow acceleration cause the maximum scour close to
the abutment. During large flooding and bridge submergence, in addition to the higher velocity and
the local turbulence structure in the vicinity of the abutment, the unique down-ward and up-ward
flow motion lead to the additional scour. Furthermore, the experimental results show that the shape
of the velocity profiles is “fuller” compared to the free flow cases, and the unique shape of velocity
profiles resulted in higher velocity gradients close to the bed. Based on the measurements, the way
of estimating higher velocity gradients close to the bed, which is the key element to exploring shear
stress, is suggested with respect to the discharge contraction ratio. For broader impacts, the research is
expected to contribute practical design for hydraulic engineers by suggesting the classification of scour
conditions with respect to the non-dimensional value of set-back distance because the opening width,
location of pier and abutment are important design criteria for the safety of bridges vulnerable to scour.

Even if this study provides new insights into the velocity flow field through the scour-critical
bridges subject to the submerged orifice flow and submerged flow with overtopping, the entire erosion
development process should be simulated numerically to find the changes in turbulent structure, flow
contraction and their interactions with the bed in both time and space. The qualitative understanding
of the flow pattern and the resulting sediment transport shown in this study can serve to stimulate
and guide quantitative experiments and numerical simulation. Furthermore, based on the research
for scouring under ice cover, very rough ice can push the maximum velocity even further towards
the bed [25,26]. These findings alarmed us and suggest that additional studies should be conducted
with different types of bridge deck because the value of roughness under the model bridge deck varies
depending on the size and shape of the girders.
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