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Abstract: River slopes can be changed due to an extreme event, e.g., a large-scale earthquake. This can
uplift a riverbed greatly and thereby change the behavior of the river flow into a free or submerged
overfall. Corresponding damage, including extreme erosion, on bridge piers located in the river
can take place due to the aforementioned flow conditions. A reconstructed bridge pier in the same
location would also experience a similar impact if the flow condition is not changed. It is important to
identify these phenomena and research the mechanism in the interaction between overfall types and
scour at bridge piers. Therefore, this paper is aimed at studying a mechanism of free and submerged
overfall flow impacts on bridge piers with different distances by a series of moving-bed experiments.
The experiment results showed clearly that bridge pier protection requires attention particularly
when the pier is located in the maximum scour hole induced by the submerged overfall due to the z
directional flow eddies. In many other cases, such as when the location of the bridge pier was at the
upstream slope of a scour hole induced by a flow drop, a deposition mound could be observed at the
back of the pier. This indicates that, while a pier is at this location, an additional protection takes
place on the bridge pier.

Keywords: bridge pier; overfall; scour; landform change impact on pier

1. Introduction

Unexpected free or submerged overfall conditions in a river flow can occur due to a
force within the earth that causes the riverbed to uplift. The changed condition of river flow
could have an impact on the safety of downstream river structures. A major earthquake
that occurred in 21 September 1999 dramatically changed many landforms in central
Taiwan, such as a local rise in the Da-Ja River inducing a flow drop in the riverbed. This
flow drop is very close to the Pai-Furn bridge pier and could induce additional erosion.
Figure 1a demonstrates a bridge that was damaged in the 921 Earthquake in 1999 in Taiwan
and the surrounding river bed was significantly affected. The newly constructed bridge
was completed in less than 2 years due to the importance for transportation (shown in
Figure 1b). However, it can be seen in Figure 1c that the bridge pier was again exposed to
river flow in six years due to significant nearby scour. Figure 1b,c display that the riverbed
level had been apparently lowered down 4.5 m deep near the pier with a diameter of 3.6 m.
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Figure 1. (a) Changed river bed and damaged bridge due to the 921 Earthquake in 1999; (b) Newly constructed bridge in 
the same location; (c) Water drop and local scour at the bridge piers. 

Many researchers devoted themselves to studying local scour below drop structures 
and at bridge piers (Dey 2014) [1]. Some researchers focused on the local scour below drop 
structures; for example, Schoklitsch (1932) has been the pioneering researcher and pro-
posed an empirical relationship to estimate the equilibrium scour depth for flow-over 
structures [2]. Moore (1943), Rand (1955), Akram (1979), and Little and Murphey (1982) 
studied the energy change due to the drop [3–6]. Smith and Strang (1967) found that the 
profile change of a riverbed was strongly affected by the size of the river bed materials 
[7]. Mason and Arumugam (1985) reviewed the empirical formulas of equilibrium scour 
depth under a falling jet that started in 1932, and they proposed a modified formula that 
includes the effect of tailwater depth [8]. Hoffmans (1998) derived relations to predict the 
maximum scour depth in the equilibrium phase based on the Newton’s second law of 
motion [9].  

Hoffmans (2009) introduced an index to represent the strength of loose material and 
extended previous relations to predict the sum of the maximum scour depth and the 
tailwater depth [10]. D’Agostino and Ferro (2004) proposed an empirical formula to esti-
mate the equilibrium scour depth of weir type drop structures based on the high crest of 
the weir and the flow depth over a weir [11]. Yager et al. (2012) extrapolated an approach 
to predict the scour depth and geometry of A-, U-, and W-shaped rock weirs from the case 
of two-dimensional flow [12]. Melville (2014) used a small-scale experiment to investigate 
the scour at a bridge foundation in the vicinity of a sluice gate and low wire [13].  

Figure 1. (a) Changed river bed and damaged bridge due to the 921 Earthquake in 1999; (b) Newly constructed bridge in
the same location; (c) Water drop and local scour at the bridge piers.

Many researchers devoted themselves to studying local scour below drop structures
and at bridge piers (Dey 2014) [1]. Some researchers focused on the local scour below
drop structures; for example, Schoklitsch (1932) has been the pioneering researcher and
proposed an empirical relationship to estimate the equilibrium scour depth for flow-over
structures [2]. Moore (1943), Rand (1955), Akram (1979), and Little and Murphey (1982)
studied the energy change due to the drop [3–6]. Smith and Strang (1967) found that the
profile change of a riverbed was strongly affected by the size of the river bed materials [7].
Mason and Arumugam (1985) reviewed the empirical formulas of equilibrium scour depth
under a falling jet that started in 1932, and they proposed a modified formula that includes
the effect of tailwater depth [8]. Hoffmans (1998) derived relations to predict the maximum
scour depth in the equilibrium phase based on the Newton’s second law of motion [9].

Hoffmans (2009) introduced an index to represent the strength of loose material
and extended previous relations to predict the sum of the maximum scour depth and
the tailwater depth [10]. D’Agostino and Ferro (2004) proposed an empirical formula to
estimate the equilibrium scour depth of weir type drop structures based on the high crest of
the weir and the flow depth over a weir [11]. Yager et al. (2012) extrapolated an approach
to predict the scour depth and geometry of A-, U-, and W-shaped rock weirs from the case
of two-dimensional flow [12]. Melville (2014) used a small-scale experiment to investigate
the scour at a bridge foundation in the vicinity of a sluice gate and low wire [13].
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With the aforementioned research, the effect of different types of drop structures,
different conditions of approach flow, and different materials of sediment have been
investigated, and varied empirical formulas for the characteristic of local scour due to the
drop structure have been proposed. On the other hand, some researchers focused on the
local scour at bridge piers; for example, Breusers et al. (1977) reviewed a series of literature
regarding theory, model, and field data about the local scour around cylindrical piers
and suggested a set of designs for protection against scour [14]. Ahmed and Rajaratnam
(1998) reported that smooth, rough, and mobile beds impacted the flow features and
pier scour [15]. Graf and Istiarto (2002) experimented with the equilibrium scour depth
around a cylinder pier and investigated the vortex system around a cylinder pier based on
measurement of the acoustic Doppler velocity profiler (ADVP) [16].

Dey and Raikar (2007) experimented with the developing scour depth around a
cylinder pier and investigated the features of the vortex system in the intermediate and
equilibrium stages [17]. Ataie-Ashtiani and Aslani-Kordkandi (2013) experimented with
the developing scour depth around a single pier and two piers in tandem on a roughly flat
bed and investigated the difference of flow features in the implemented experiments [18].
Euler et al. (2014) investigated the local scour in the vicinity of pillar-like objects through
experimental studies and compared the results with field data [19].

These studies contribute to the flow feature impact on pier scour. Other studies
focused on scoring features. For example, Baker (1980) derived a formula to estimate the
equilibrium scour depth in front of a cylindrical bridge pier and compared the results
with the results of Baker (1979), Breusers et al. (1977), and Chabert and Engeldinger
(1956) [14,20–22]. Chiew and Melville (1987) proposed an empirical relationship that was
related to the equilibrium depth scour, particle size of sediment, and flow condition, and
compared their results with the findings of Chee (1982) and Melville (1984) [23–25]. Elliott
and Baker (1985) investigated the feature of scour depth under the effect of lateral spacing
between bridge piers [26]. Melville and Chiew (1999) indicated that the development of
the equilibrium scour depth can be related with the size of the pier, size of the sediment,
and approach flow velocity [27].

Sheppard et al. (2004) indicated that the wash load concentration impacts the scale
of the equilibrium scour depth under clear-water conditions [28]. Ataie-Ashtiani and
Beheshti (2006) derived an empirical relationship to estimate the maximum local scour
depth for the pile group and compared their results with the reports of Melville and
Coleman (2000) and Richardson and Davis (2001) [29–31]. Khosronejad et al. (2012)
investigated the features of clear-water scour around the geometry of cylindrical, square,
and diamond bridge piers through experiments and numerical simulation [32]. According
to the aforementioned research, the mechanism of local scour at bridge piers has been
investigated comprehensively by the theory, experiment, field data, and numerical model,
and empirical formulas for the equilibrium depth scour at bridge piers have been proposed.
However, there are few papers, to the authors’ knowledge, focusing on the interaction
between overfall types and scour at bridge piers.

This paper was focused on probing the mechanism of the scouring effect on piers
considering the different bridge locations and a flow-drop-induced scour hole. Two types of
overfall, which included the submerged type and free overfall type, were researched herein.
In the submerged type, the velocity component in the vertical direction was relatively
smaller and, therefore, gave a smaller effect on the riverbed scour. The free type of overfall,
on the other hand, produced a strong velocity component in the vertical direction and
induced a more dramatic riverbed change. It is necessary to discuss in detail the response
of piers suffering these two types of overfall and to take these responses into consideration
in engineering practice.
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2. Procedure of the Experimental Work

The configuration for the experiment flume equipped with a circulation flow system
is shown in Figure 2a. The total length of the flume was 15 m, the width was 1 m, and
slope of the flume bed was 1/1000. The wall of the flume was 0.8 m in height composed of
transparent tempered glass. A deeper part of the flume bed had 2 m length, 1 m width,
and 0.4 m depth located at 7 m upstream from the scour development. A flat flume bed
was provided with 4.4 m in length, which was 81 times the hydraulic radius of 5.4 cm for a
fully developed flow. H represents the difference in height from the water level upstream
of the lifted platform to the tailwater level. ds indicates the depth of scouring.
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Figure 2. (a) Configuration of experiment flume. (b) Schematic of free overfall condition. (c) Schematic of submerged
overfall condition.

For the sediment using in the experiment, we assumed that the river bed was com-
posed of medium sand. The median diameter (D50) of sediments in this experiment was
0.46 mm, and the standard deviation of the sediments (σg) was 1.69. Randkivi and Ettema
(1977) suggested that the σg should be smaller than 1.3 to avoid the armor layer in the
development of local scour [33]. The flume was paved using homogenous sediments at
a 2.5 cm depth in the zone out of the scour area to provide a similar roughness in the
alluvial bed.

This was a clear-water scour test. The experiment was designed so that the local scour
occurred only due to the influence of the drop structure and pier. In other words, the clear-
water flow could trigger scour in the moving-bed when there was no drop structure and
pier in the experiment flume. Accordingly, the ratio of the designed velocity of approach
flow (V) and the critical mean approach flow velocity of the using sediment (Vc) was given
as 0.5. Melville and Sutherland (1988) suggested that the critical mean approach flow
velocity (Vc) can be estimated using following equation:

Vc

V∗c
= 5.75 × log

[
5.53 × hd

D50

]
(1)

where hd is the depth of the downstream flow, and V*c is the shear velocity of the using
sediment [34]. Melville and Sutherland (1988) proposed a Shields chart for the thresh-
old condition of uniform sediment in water, and the shear velocity was suggested as
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0.018 m/sec for using sediment [34]. To satisfy the aforementioned conditions, in the
experiment, the boundary conditions of flow were: critical flow depth hc = 2.4 cm, up-
stream flow depth hu= 5.4 cm, upstream velocity 27.6 cm/sec, upstream Froude number
Fr = 0.38, downstream flow depth hd = 9.5 cm, downstream velocity (V) 15.9 cm/sec, and
downstream Froude Number Fr = 0.16.

The authors changed the difference in height between the river bed and the crest of
flow-control structure (Z) to produce two different conditions: free overfall and submerged
overfall, with the same boundary conditions upstream and downstream, to study the
interacting behaviors between the pier and overfall. The schematics of the free overfall
and submerged overfall are shown in Figure 2b,c. The values of Z were selected as 8
and 12 cm in which the submerged overfall took place at Z = 8 cm (H = 3.9 cm) with no
air vent occurrence and the free overfall took place at Z = 12 cm (H = 7.9 cm) with air
vent occurrence.

Melville and Chiew (1999) and Dey (2014) indicated that the approach flow can no
longer move the sediment from the scour hole when the scour is at equilibrium in the
clear-water condition [1,27]. Accordingly, the equilibrium time was selected based on the
development process of the scour hole in the free overfall test, in which 83.5% of the 24 h
erosion was reached in 5 h as shown in Figure 3. We also observed that the deposition
of the dune downstream was segregated after 4 h of erosion due to the lack of sediment
supplementation from upstream. This showed that the overfall energy was dispersed in
the scour hole so that the erosion was reduced. Therefore, the scouring behavior in the fifth
erosion hour was chosen for discussion in this paper.
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A significant bed would be changed in the free overfall test; therefore, piers were
installed at five locations:

1. At half distance between the maximum scour depth and upstream, which was 16 cm
(La) to the flow-control structure, namely Case A.

2. At the maximum scour depth, which was 32 cm (Lb) to the flow-control structure,
namely Case B.

3. At half of the inclined slope of the scouring hole, which was 58.7 cm (Lc) to the
flow-control structure, namely Case C.

4. At the boundary between the scouring hole and original bed, which was 85.5 cm (Ld)
to the flow-control structure, namely Case D.
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5. At the deposition zone of the downstream, which was 130.8 cm (Le) to the flow-control
structure, namely Case E.

On the other hand, piers were installed at three different locations for the submerged
overfall test:

1. At upstream, which was 17.3 cm (Lf) to the flow-control structure, namely Case F.
2. At the scouring hole, which was 46.4 cm (Lg) to the flow-control structure, namely

Case G.
3. At the boundary between the scouring hole and original bed, which was 73.5 cm (Lh)

to the flow-control structure, namely Case H.

The above-mentioned cases are summarized in Table 1, and the schematic of the pier
locations for free overfall and submerged overfall is shown in Figure 4. In addition, the
free type and submerged type of overfall where no pier was installed in the experiment
flume were also carried out and named “free overfall w/o pier” and “submerged overfall
w/o pier”, respectively. Lastly, a pier in the experiment flume was implemented without
any type of overfall condition (Z = 0 cm) and named “Pure Bridge”.

Table 1. List of the locations of piers.

Type of Overfall Free Overfall Submerged
Overfall

Case 1 A 2 B 3 C 4 D 5 E 6 F 2 G 3 H 4

Height of overfall (Z) 12 12 12 12 12 8 8 8

The distance from pier to
flow-control structure (Li)

16
(La)

32
(Lb)

58.7
(Lc)

85.5
(Ld)

130.8
(Le)

17.3
(Lf)

46.4
(Lg)

73.5
(Lh)

1 A–E: free overfall flow F–H: Submerged overfall flow. 2 A and F: Pier located at the upstream slope of the
flow-drop-induced scour hole. 3 B and G: Pier located at the maximum scour point of the flow-drop-induced
scour hole. 4 C and H: Pier located at the downstream slope of the flow-drop-induced scour hole. 5 D: Pier located
at the edge of the flow-drop-induced scour hole. 6 E: Pier located far from the scour hole.
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3. Observations from the Experiment and Discussion
3.1. Profile of the Scouring Development of Free Overfall without the Effect of the Pier

In Figure 5, the time history of profile of scouring development in the case of free
overfall w/o a pier is shown.
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Figure 5. Development of the scouring process in the case of free overfall w/o a pier.

The horizontal axis represents the direction of flow, 0 is at the location of the flow-
control structure, the vertical axis is the scouring depth, and the broken red line in the
figure links the maximum scour depth at each observed time. We investigated that the
maximum scour depth moved deeper and more downstream. During the scouring process,
we also found that the slope of the scouring hole sometimes fell backward toward the
scouring hole. Two counter-rotation eddies that were produced by the overfall affected
the slope of the scouring hole where the slope at upstream was less steep than the slope at
downstream because the counter-rotating eddies downstream were stronger than the ones
that rotated upstream. The eddy provided the drag force along the slope surface, which
increased the resistance of the sediment fall due to gravity.

The mechanism of development of the scouring hole was that the two counter-rotating
eddies brought up the sediment to the slope at the downstream side, and gradually a small
dune was formed. Euler et al. (2014) investigated the mechanism using a tracer, which
allowed a visualization of the turbulent eddying and was similar to the observations in
our experiments [19]. While a deeper and wider scouring hole was dug by the overfall, the
dune was moved further downstream. On the other hand, the sediment of the slope of
the scouring hole upstream occasionally slid into the hole while the hole was being dug
wider and deeper. The sliding sediment was brought away downstream randomly. The
slope at the downstream of the scouring hole was steeper than the original at-rest angle of
the sediment deposits because the eddies provided a floating force along the slope surface
that supported the sediments to stay at the same location until slope instability due to the
occurrence of toe erosion induced by scour.

The maximum equilibrium scour depth was about 26.7 cm at 1440 min in the condition
of free overfall w/o pier as shown in Figure 5. Many researchers proposed different
empirical formulas for the maximum equilibrium scour depth under varied conditions
of structure, sediment material, and approach flow [2,8–11,21,24,29]. For the condition of
free overfall, Mason and Arumugam (1985) mentioned that the empirical formula for the
maximum equilibrium scour depth has general form.

ds = α1
Vα2 Hα3

Dα3
50

(2)
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in which α1, α2, α3, and α4 are all coefficients [8]. These coefficients were represented by
different values in individual studies, and our study lists some suggested values from
Mason and Arumugam (1985) in Table 2 [8]. In the procedure of the experiment work, the
approach velocity (V) was 15.9 cm/sec, the value of H was 7.9 cm in the condition of free
overfall, and the median diameter (D50) of sediments was 0.46 mm. The comparison of
the equilibrium scour depth in the experiment and with the empirical formulas of other
authors can be obtained in Table 2. These results illustrated that the scour depth had close
to an equilibrium state in the experiment.

Table 2. Coefficients for use in Equation (2) (Mason and Arumugam) [8].

Author (year) α1 α1 α1 α1 ds (m) Error (m)

Hartung (1959) 1.4 0.64 0.36 0.32 0.222 −0.045
Chee and Kung (1974) 1.663 0.6 0.2 0.1 0.359 0.092

Machado (1980) 1.35 0.5 0.3145 0.0645 0.255 −0.012
INCYTH (1981) 1.413 0.5 0.25 0 0.299 −0.032

3.2. Interaction between Piers and Overfall-Induced Erosion in Plain View
3.2.1. Free Overfall Impact on Pier at Different Location

Regarding free overfall, there were five locations in the experiment as shown in
Figure 6. Figure 6a shows the case where no pier was installed in the experiment, and we
observed that the geographic changes in the flume were mostly two-dimensional except
at the boundaries. The distance of the maximum scour depth was about 32 cm, and the
distance to the original bed level was about 80 cm.
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Figure 6b shows the results of Case A where the location of the pier was upstream of
the scouring hole. In this case, the nappe directly impacted onto the pier instead of the river
bed. The neighborhood of the pier was influenced by the pier and, therefore, deformed
largely. Two sides of the pier were further eroded than in the previous case because the
circulating flow took place after the nappe hit on the pier and the flow increased the erosion.
However, the energy of the nappe reduced after hitting the pier, and thus less erosion
occurred to the downstream.

Figure 6c shows Case B where the pier was located at the location of the maximum
scour depth. A similar geography to the case without piers was observed, and therefore
we concluded that the erosion induced by the pier in this case was not influential.

Figure 6d or 6e demonstrate a slight change of the river bed near the pier (Case C and
D). Figure 6f shows that the erosion took place only at the neighborhood of the pier while
the pier was located at the deposition area (Case E).

Overall speaking, in the free overfall condition, when the pier location was upstream
of the scouring hole (La), significant erosion was found in the front of the pier along with a
significant deposition in the back. When the pier location was far from the local scour (Le),
some erosion and deposition took place in the front of the pier and in the back of the pier,
respectively. The localized scour in the vicinity of the pier was induced by the approaching
flow similar to classical local scour at the bridge (Dey 2014) [13]. When the pier location
was at the edge of the local scour (Ld), the erosion depth in the front was lower than the
original river bed, and the erosion took place in the back of the pier as well. However, the
eroded river bed level was still higher than the original bed.

As to the above discussions, while the pier location was at the downstream slope of
the scour hole (Lc), the erosion in the front of pier was similar to the case of free overfall
w/o pier. This indicates that the pier did not affect the characteristics of erosion. However,
significant deposition occurred in the back of the pier in this case, and this caused the total
erosion to be reduced. When the pier location was at the maximum scour point (Lb), greater
erosion took place compared with at the maximum scouring depth, and slight deposition
occurred in the back of the pier.

3.2.2. Submerged Overfall Impact on Piers at Different Locations

Figure 7a shows that, in the case of submerged overfall without pier installation,
the erosion was much less than in the case of free overfall, and the major scouring area
was moved downstream. In Case F with the pier located upstream of the scour hole (Lf),
Figure 7b shows that no significant geography changes of the river bed in the front of pier
were found when comparing with the previous cases. However, significant deposition was
observed at the back of the pier. When the pier location was at the maximum scouring
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depth (Case G, Lg), the erosion in the front of pier became much more significant compared
with the previous case, and it decreased in the back of pier in Figure 7c. In this case, the
maximum scour depth shows a significant increase. In Figure 7d, the overfall condition
shows a limited impact on the pier in Case H (Lh).

Water 2021, 13, x FOR PEER REVIEW 10 of 16 
 

 

 
 

Figure 6. Contour lines of the river bed in the free overfall condition: (a) Free overfall w/o pier; (b) Case A; (c) Case B; (d) 
Case C; (e) Case D; (f) Case E. 

  

  
Figure 7. Contour lines of the river bed in the submerged overfall condition: (a) Submerged overfall w/o pier; (b) Case F; 
(c) Case G; (d) Case H. 

3.3. Interaction between Piers and Overfall-Induced Erosion in Side View 

0 20 40 60 80 100 120

X (cm)

0 20 40 60 80 100 120

-40

-20

0

20

40

Y 
(c

m
)

-40

-20

0

20

40

(a)

Figure 7. Contour lines of the river bed in the submerged overfall condition: (a) Submerged overfall w/o pier; (b) Case F;
(c) Case G; (d) Case H.

Overall, in the submerged overfall condition, the scouring depth was clearly much
smaller than in the free overfall cases. The most significant result was in Case G.

3.3. Interaction between Piers and Overfall-Induced Erosion in Side View

The profile change of the center line of the river bed can be seen in Figure 8. This
demonstrates that there was no significant change of the landforms at the location in the
front of pier when the water drop induced scour located upstream (Case A). The situation
is similar to the case of the free overfall w/o pier. However, a relatively large deposition
was observed in the back of pier for the pure water drop scour condition (Case A). This
condition presented increased scour depth due to the pier when the pier was located at the
maximum erosion depth of the flow drop hole (Case B). A relatively larger scour to pure
water drop condition but no significant deposition was observed when the pier was located
at the downstream slope of the scour hole (Case C). When the pier was located far from the
scour hole, a localized scour was found in the front of the pier, and some deposition was
also observed in the back of the pier (Case E). Case D presented the pier located at the edge
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of the scour hole scour hole, and the erosion occurrence in the front of pier became more
significant and lower than the initial bed level. On the other hand, erosion in the back of
pier took place as well. However, the river bed level was still higher than the initial river
bed level.
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We concluded that, while the pier located at the upstream slope of the maximum scour
depth was induced by overfall, the scour that occurred in the front of pier was similar to
the pure water drop inducing scour, which indicates that the scouring characteristic was
not influenced by the pier. However, a significant deposition was observed in the back of
pier. This revealed that the total scouring was reduced. This implies that better protection
for the river bed can be found compared with the case of free overfall o/w pier when the
pier is located at the upstream slope of the scour hole.

When the pier was located at the downstream slope of the scour hole, an increased
scour depth was found in the front of pier when compared with the original scour hole,
and some deposition was observed at the back of pier. The experiments demonstrated that
the change in depth of the river bed was at the minimum when the pier was located at
the edge of the scour hole. When the pier was located far from the scour hole, a localized
scour in the vicinity of pier was induced by the approaching flow without the impact of
free overfall. These results imply that that the bridge pier was more secure when it was
located at the edge of the scour hole.

The scour depth in the submerged overfall condition was found to be smaller than in
the free overfall condition as shown in Figure 9. When the pier was located upstream of
the maximum scour point (Case F), a deeper scour was found in the front of pier compared
with the initial river bed, and there was a deposition at the back of pier. When the pier was
located at the point of maximum scour (Case G), a significant scour was observed in the
front and the back of the pier, and this was also deeper than for the initial river bed. When
the pier was located in the initial river bed (Case H), scour was found at the front and back
of the pier and was smaller than in Case G.
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We concluded that the scouring characteristics would be varied with the pier locations
at the scour hole and that the most significant scour was found at the point of the maximum
scour location induced by water drop. This implies that the bridge pier was a smaller
influence of the local scour when it was closer to the location of the submerged overfall.

The maximum scour depth and its location change due to the interaction between
overfall type and pier’s location can be investigated based on our experiments. The pier’s
location (Li), the maximum scour depth (ds), and its location (Lscour) in each experiment
were listed in Table 3. By comparing the conditions with and without pier, ds/do−s and
Lscour/Lo−scour, the effect of pier’s location on the maximum scour depth and its location
can be investigated. In the condition of free overfall, when Li > Lo−scour, the maximum
scour depth and its location due to drop structure were not affected by the pier. When
Li < Lo−scour, the location of maximum scour depth was changed according to Li, and
the maximum scour depth became smaller than in the case of w/o pier. In the condition
of submerged overfall, when Li > Lo−scour, the location of maximum scour depth was
changed based on Li, and the maximum scour depth was larger than in the case of w/o
pier obviously. This result implied that the empirical formulas for the characteristic of local
scour due to the drop structure, i.e., Mason and Arumugam (1985) [21], could be used
when the overfall condition is free type and Li > Lo−scour.

Table 3. Maximum scour depth and its location change due to the overfall type and pier’s location.

Experiments Li (cm) ds (cm) Lscour (cm) ds/do−s Lscour/Lo−scour

Free overfall w/o pier w/o pier −26.7 29.2 - -
Case A 16 −18.7 11.7 70.2% 40.0%
Case B 32 −28.8 28.2 107.9% 96.5%
Case C 58.7 −27.8 29.6 104.3% 101.2%
Case D 85.5 −27.2 28.2 101.8% 96.5%
Case E 130.8 −26.5 29.2 99.4% 100.0%

Submerged overfall w/o
pier w/o pier −2.3 10.7 - -

Case F 17.3 −3.7 13.1 158.9% 122.6%
Case G 46.4 −8.3 41.8 355.9% 390.8%
Case H 73.5 −6.2 69.8 265.1% 652.4%
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3.4. Scour Conditions at Pier Surroundings Due to Overfall

In the condition that the flow drop depth (Z) was set at 12 cm, the model of the
pier was positioned at five different locations in the experiment facility. The centerline of
the vertical profile of the flow drop inducing scour was represented by Case A–E in this
paper. We used a camera in the hollow pier model to record the process of the experiment
tests over 5 h, and Figure 10 shows the scour depth of the surroundings of the pier in
the condition of free overfall. In the same way, a model of pier was positioned at three
different locations in the condition of submerged overfall and represented by Case F–H
in the centerline of the vertical profile of the flow drop inducing scour. Figure 11 depicts
the sour depth of the surroundings of the pier in the condition of submerged overfall. In
Figures 10 and 11, the position of the pier at 0 degrees is the location where the approaching
flow hits the pier.
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3.4.1. Scour Conditions at the Pier Surroundings Due to Free Overfall

Figure 10 shows that, in Case A, although the location of the pier was at the upstream
slope of the scour hole, the bottom of the pier was scoured due to a reversed flow induced
by the flow drop. The maximum scour point of the surroundings of the pier was at the
position of 0 degrees. This reveals that a water jet along the river bed from upstream
dominated the scour characteristics. There was an unstable condition at 90 degrees and
270 degrees due to interactions from the reversed flows and water jet from upstream,
which led to an asymmetric scour at the surroundings of the pier. In Case B, when the pier
was located at the point of the maximum scour, the water jet lost most of its energy after
hitting the river bed; therefore, the scour depth located from 0 degrees to 45 degrees on the
upstream side was almost the same.

The deposition, found in the downstream, was out of 45 degrees, and it deposited
greater at around 60 degrees and scoured the least at 180 degrees. In Case C, we found
that the scour distribution curve of the pier’s surroundings appeared to be greatly affected
by the pier inducing scour. However, this was not true, in fact, as the occurrence of the
scour mostly occurred upstream of the scour hole. Cases D and E presented cases with the
location of the pier at the edge of the scour hole and far from the scour hole. We found
that Case D was affected by the sediment loaded flow from the bottom of the scour hole,
and therefore, the local scour in front of the pier was not apparent. The scour hole in front
of the pier in Case E, on the other hand, was mostly dominated by the pier itself, as the
location of the pier in this case was away from the flow drop induced scour hole.

3.4.2. Scour Conditions at the Pier Surroundings Due to the Submerged Overfall

Figure 11 shows that, in Case F, the pier was located in the deposited mound and
was hit by a submerged flow jet directly. The results show a full scour hole developed
right after the deposited mound was affected by the overfall surrounding the pier, and was
not found to be strongly affected by the water jet. In Case G, no significant landform was
found in the pier’s surrounding, we found in Figure 7c that scour holes developed with a
shape of mullet roe surrounding the pier. Both depths in the holes were found to be greater
than the ones in front of the pier. This indicates that the water jet caused by the submerged
overfall in the x direction was stronger than in the z direction. In Case H, the pier was
located downstream of the scour hole, and therefore a greater range of landforms could
be observed.

4. Conclusions

This paper focused on probing the mechanism of the scouring effect on piers consid-
ering different bridge locations and the flow drop induced scour hole through a series
of experiments. Two types of overfall, submerged and free overfall, were applied in the
experiment. This mechanism is expected to draw attention from both engineering and
academic specialists regarding protecting bridges in newly changed landforms.

Our concluding remarks can be drawn as follows:
Location of the pier vs. the free overfall:

1. The scour surrounding bridge pier in the free overfall condition was mainly controlled
by the overfall.

2. When the pier’s location was at the upstream slope of the scour hole, better protection
to the river bed was found compared with the case of the free overfall w/o pier.

3. When the pier’s location was at the maximum scouring point in the scour hole, this
deepened the scour depth in the front of pier in a limited manner. Reconstructed
bridge piers should not be located here.

4. When the pier’s location was at the downstream slope of the scour hole, the pier did
not clearly change the impact of the free overfall on the river bed. However, the depth
of scour at the vicinity of the bridge pier was still deep enough to expose the pillar in
the approaching flow.
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5. When the pier’s location was at the edge of the scour hole, the scour depth that
occurred in front of the pier was similar to the case of the submerged overfall w/o
pier. The depth of the localized scour at the vicinity of the bridge pier was the
minimum under the interaction between the free overfall and the scour at the bridge
pier. This implies that a reconstructed bridge pier would be more secure here.

6. When the pier’s location was far from the local hole, the localized scour surrounding
the bridge pier was induced by the approaching flow only and without the influence
of the free overfall.

Location of pier vs. submerged overfall:

1. Scour at the pier’s surroundings was dominated by the flow drop inducing jet, and
a relatively deeper scour was be developed due to water jets that were closer to the
river bed. This implies that a reconstructed bridge pier should not be located in the
area influenced by the submerged overfall.

2. The most significant scour depth at the front of pier was investigated in the condition
where the pier location was at the maximum scour point induced by the submerged
overfall. A reconstructed bridge pier should not be located here.

3. When the pier was at the maximum point of scour, it induced more scour hole
development due to the disturbances caused by the water jet and pier. The depth of
those scour holes would be even larger than the scour depth at the pier’s surrounding.
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