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Abstract: The interaction between the evolution of an ice jam and the local scour at bridge piers
becomes much more complicated due to the evolution of both the channel bed and ice jam. Thus,
research work regarding this topic has been hardly conducted. In the present study, experiments
under different flow conditions with three different pier shapes were carried out. Through laboratory
experiments, the development of scour holes around bridge piers under open flow, ice-covered, and
ice-jammed flow conditions was compared. The results show that under the same hydraulic condition
and with the same ice discharge rate (Q;/Q), the development of an initial ice jam with a local scour
around bridge piers along the entire flume takes a relatively short time. However, it takes a longer
time for an ice jam to achieve an equilibrium state. With the presence of a local scour at bridge piers,
after an ice jam reaches an equilibrium state, the ice jam thickness, water level, and water depth for
flow are relatively larger compared to that without a local scour at the pier. The equilibrium ice jam
thickness around the pier is negatively correlated with the initial flow Froude number. When the
development of an initial ice jam is dominated by a mechanical thickening process, the rate of the
development of a scour hole around a pier is faster. On the other hand, when the development of
an initial ice jam is dominated by a hydraulic thickening process, the development of a scour hole
around a pier can be treated as a scour process under an ice-covered flow condition. An equation
was developed to determine the scour depth around a pier under an ice-jammed flow condition by
considering related factors such as the flow Froude number, ice jam thickness, and ice discharge rate.
The results of this research can provide a reference for bridge design and safety protection, as well as
the interaction mechanism of local scour and ice jam evolution.
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1. Introduction

Ice jams in rivers are a common ice phenomenon in cold regions in winter that affect
both hydraulic conditions and boundary conditions of watercourses. Sometimes, under
the same flow condition, the presence of an ice cover in a river leads to a higher water
level, which can induce ice flood disasters. The presence of bridge piers in a river narrows
the flow cross section, changes the flow state of water around the piers, and forms a
horseshoe vortex, which often results in a local scour around bridge piers. As reported by
researchers, the existence of bridge piers in rivers increases the possibility of the formation
of ice jams [1,2], and the formation and development of an ice jam aggravate the local scour
of bridge piers [3]. Therefore, the mutual influence of flow conditions, local scour, and ice
jam evolution makes relevant problems more complex.

Recently, some research has been conducted to study the hydraulic interaction between
bridge piers and ice jams. The results of laboratory experiments showed that the existence
of bridge piers results in an increase in the ice transport capacity near bridge piers and a
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decrease in the ice jam thickness [2]. Wang et al. [4,5] carried out an experimental study on
ice jam blockage at bridge piers, which showed that ice blockage was affected by the ice
cube size, spanning distance between piers, and flow conditions. Based on experiments
conducted in a curved flume in a laboratory, it was found that the bridge pier located at
the apex of the river bend had less influence on ice jam formation than the one installed
in a straight section of a river (the junction of two bends) [6]. The results of laboratory
experiments regarding the variation of water level around piers with different shapes
under an ice jam showed that the increment of water level in the present of a cylindrical
pier was the smallest, while it was the largest for a rectangular pier, and the regression
formula for calculating the increase in water level caused by an equilibrated ice jam was
given [7]. It was found that the ice accumulation process around bridge piers depends on
the pier size, ice discharge rate, flow discharge, and Froude number. For a flow with a
smaller Froude number and a larger ice discharge rate, with the presence of a smaller pier
in the channel, the evolution process of an ice jam is similar to that without the presence
of a pier [8]. There are very few studies on numerical simulation. Cheng et al. [9] used a
discrete element model to simulate the ice floe accumulating process around bridge piers.
In addition, Yang et al. [10] used a material point method; Istrati et al. [11] used a finite
element method; Salciarini et al. [12] used a discrete element method, and Hasanpour
et al. [13] used a smoothed particle hydrodynamics method to study tsunami-induced
debris impacts on bridge structures, respectively, which has a certain reference value for
the numerical simulation of hydraulic action between bridge piers and ice jams. Parola
et al. [14] conducted experimental studies to develop a method for predicting debris forces
on piers and superstructures. Malavasi et al. [15] studied the hydrodynamic interactions
between an open flow and a bridge deck. The results of this work will provide a theoretical
reference for the study of the interaction between ice floes and bridge decks under extreme
hydraulic conditions.

Some researchers have done research work regarding the local scour process around
circular piers under both open flow and ice-covered (instead of ice-jammed) flow conditions.
In an open flow, to improve the applicability of the equation developed by Melville and
Coleman in laboratory and field data, Pandey et al. [16] proposed new K-factors for a
nonuniform gravel bed. Memar et al. [17] studied the influence of the size and position of
circular collars from the sediment bed on serial bridge piers. Zhao et al. [18] derived one
formula for calculating scour depth around a skew bridge in a curved road by solving the
deflection angle of water flow and the width of the water crossing section. The existence
of an ice cover changes the flow structure [19-22] and affects the development of a local
scour. Compared to the adjacent position of the collar on the bed, placing the collars
below the bed would reduce the scouring speed around a pier. Bacuta and Dargahi [23],
Ackermann and Shen [24], and Hains and Zabilansky [25,26] studied the local scour at
cylindrical bridge piers under ice-covered flow conditions and found that compared to
open flow conditions, the local scour depth is greater under an ice-covered flow condition.
Munteanu [27] performed experiments under four different boundary conditions (open
flow, totally ice-covered, two sides partially ice-covered and one side partially ice-covered)
and pointed out that the local scour process around the bridge pier was the most intense
under two sides in a partial ice-covered condition, and the maximum scour depth was about
55% higher than that under an open flow condition. Christopher et al. [28] investigated
the scour problem around bridge piers under different ice cover thicknesses and found
that the scour depth increased with the increase in ice cover thickness. Wu et al. [29-31]
investigated the local scour process under ice-covered flow conditions based on laboratory
experiments and reported that the maximum scour depth increased with the increase in
cover roughness. They also established empirical formulas for calculating the scour depth
under an ice-covered flow condition. Wang et al. [32] analyzed the relationship between
the flow intensity and dimensionless scour depth, as well as the difference in the rate of
change of scour depth under an ice-covered flow condition compared to that under an
open flow condition and developed an empirical equation for determining the change of
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scour depth with the time under an ice-covered condition. Namaee and Sui [33-37] studied
the influence of ice covers with different roughness on the local scour process around
side-by-side piers. They found that compared with the smooth-covered flow condition, the
near-bed flow velocity was higher, and the maximum flow velocity position was closer to
the channel bed under the rough cover. The maximum scour depth around piers increased
with the decrease in particle size and the increase in cover roughness and densimetric
Froude number. The smaller the pier size and the larger the pier spacing distance, the
weaker the horseshoe vortex around the pier and the shallower the scour hole. The grain
size of the armour layer obviously affects the depth of the scour hole.

The existing research studies either focus on the influence of bridge piers on the stabil-
ity and evolution of ice jams or the local scour process around piers under an ice-covered
(instead of ice-jammed) flow condition. However, no research work has been reported
regarding the local scour process around bridge piers during the evolution process of an
ice jam considering the thickness of an ice jam and the time for achieving the equilibrium
condition. In the present experiment study, the influence of a local scour at bridge piers
on the evolution of ice jams was studied. The development of scour holes under different
evolution modes of the ice jam was investigated. The results of the present study can
provide a basis for bridge design and safety protection in practical engineering.

2. Materials and Methods
2.1. Experimental Setup

Laboratory experiments were carried out in a flume. The plan layout of the flume
is shown in Figure 1. The length of the flume is 26.68 m with a width of 0.4 m and a
depth of 1.3 m. Along this flume from upstream to downstream, 22 cross sections (CS) for
measurement with an equal spacing distance of 1.2 m were set up. Between the upstream
CS-4 and CS-5, an ice hopper was setup for discharging model ice particles into the flowing
water. A Styrofoam panel that was 0.6 m long and 0.4 m wide was placed on the water
surface between CS-20 and CS-21 for assisting with the initiation of an initial ice jam in
front of the foam panel in the flume, corresponding to the phenomenon of an initial ice jam
head formation in natural rivers.

Polyethylene particles were used to model ice particles. The mass density of the
polyethylene particles was 0.918 g/cm?, which is nearly equal to the mass density of ice
of 0.917 g/cm?3 in rivers. Polyethylene particles has a flat ellipsoid shape with the longest
diameter of 3.5 mm (as shown in Figure 1c). Between CS-2 and CS-22, a sand bed was
prepared to model a sand bed in rivers. The initial thickness of the sand bed in the flume
was 10 cm. The median particle size (dsg) of the three sands used in the experiments
was 0.49 mm, 0.713 mm, and 1.04 mm, respectively. The inhomogeneity coefficient of
these three sands was 2.0, 1.61, and 2.68, respectively. The mass density was 1.423 g/ cm?.
Three different shapes of model piers were used, namely cylindrical, rectangle, and round
end-shaped piers, as shown in Figure 1. The model pier was installed in the flume center
at CS-16. Cross section 3 was the control section for the initial flow depth (Hp) and initial
velocity (V) and the ice discharge rate (Q;) from the ice hopper. In engineering design, the
ratio of the pier width to a single span between adjacent piers is 0.04~0.16 [38]. Considering
the flume width of 40 cm, the pier width (D) was 2 cm. In addition, this research work is
a conceptual study, which is not targeted at a specific engineering prototype, but mainly
investigates the changes of local scours and median particle sizes of sediment on the speed
of ice jam evolution and scour hole development.
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Figure 1. (a,b) Flume layout for experiment; (c) polyethylene particles; (d) cross section of
model piers.

2.2. Experimental Process

(1) Firstly, the sand scraper was used to level the sediment bed along the study channel
so that the flow pattern at each cross section was approximately the same.

(2) The flume was filled with water slowly to prevent sediment particles in the channel
bed from the initiation of motion until the water level in the flume reached the target
value. The flow discharge of each experiment running through the triangular thin-
walled weir with an accuracy of 0.1 mm was kept as constant. The water level in the
flume was controlled by adjusting the tailgate of the flume.

(38) Styrofoam panels were placed on the water surface between CS-20 and CS-21 to
simulate the initiating point for an ice jam. A four-channel ultrasonic current meter
with an accuracy of 0.01 m/s was arranged at the cross section where the pier was
located to measure flow velocities around the model pier, which was placed in the
center at CS-16.

(4) Ice particles were filled in a barrel with a volume of 7.40 L. The mass of each barrel of
ice particles was 6.786 kg. The time required for each barrel of ice particles to enter
the flume from the ice hopper was calculated. At this point, the test preparation work
was completed. Note: the ice discharge rate was controlled as the target value during
each experiment run.

(5) At CS-16, where the piers were located, the depth and length of scour holes were
measured every 10 min for the first 1 h and then every 30 min. The thickness of
the ice jam around this cross section was measured using a ruler with an accuracy
of 1 mm, every 10 min in the previous hour, and then every 30 min (Note: when
the ice wave phenomenon did not occur at this cross section, the thickness of the
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Length of local scour

ice jam was the average of the largest and smallest values along this cross section;
when an ice wave phenomenon appeared at this cross section, the thickness of the
ice jam at this cross section was the average of the thickness of the wave crest and
wave trough). The water level was measured at the same frequency as that for the ice
jam thickness, and both were performed simultaneously until the ice jam and local
scour achieved an equilibrium state. Experiments showed that the time for the scour
hole to achieve an equilibrium state under an ice-jammed flow condition was related
to the hydraulics and ice flow conditions and ranged from 8 h to 11 h. However,
all experiments lasted 24 h to ensure that the local scour under an ice jam condition
achieved an equilibrium state.

(6) Subsequently, we stopped adding ice particles in the flume, raised the tailgate, and
gradually reduced the flow discharge to increase the water level so that ice particles
under an ice jam in the flume stopped moving. To obtain a precious bathymetry of
the scour hole, laboratory measurements were carefully carried out in order to not
disturb the scour hole and ice jam due to the addition of probes. A point gage and a
spot measuring instrument with an accuracy of 0.1 mm were used for measuring the
bathymetry of the deformation of the sand bed around the pier. For each experimental
run, data were collected at 26 measurement points around the bridge pier. Some
variables used in this study were defined and are shown in Figure 2.

Crest thickness of ice wave
Maximum thickness of ice jam =

(b) (©)

Figure 2. Scour hole at the pier under an ice jam and associated variables. ((a): scour hole with point
measurement; (b,c): points for measuring ice jam thickness).

Each experimental run was considered to achieve an equilibrium state if the follow-
ing conditions were met: (1) Water levels at all cross section did not change; (2) The
thickness of the ice jam at any cross section did not change, namely, the amount of ice
particles discharged from the ice hopper located upstream equalled that of the output at the
downstream end of the ice jam; (3) The scour hole also reached an equilibrium condition,
namely, not only the depth and shape of the scour hole around the pier did not change, but
also the height and shape of the deposition dune downstream of the scour hole did not
change. Whenever an experimental run satisfied these conditions, this experimental run
was considered to reach the equilibrium state.

The evolution of an ice jam is divided into three stages: (1) The formation of the initial
ice jam phase: the ice jam develops from the downstream Styrofoam panel to upstream with
the continuous constant incoming ice particles from the ice hopper (as shown in Figure 3a).
(2) The ice jam thickening stage: with the continuous incoming ice particles from the ice
hopper, the ice jam gains thickness from upstream to downstream since the incoming ice
particles are entrained by the flowing current and submerged at the head of an ice jam and
then gradually delivered downstream. This process continues before the ice jam reaches an
equilibrium state (as shown in Figure 3b). (3) The ice jam equilibrium stage: the amount
of ice particles coming from upstream is equal to the output amount of ice particles (the
amount of ice particles collected from the pond located at the downstream of the flume)
from the toe of the ice jam body; however, the appearance of waves of ice accumulation
migrate from upstream to downstream, and as a consequence, the ice jam becomes thicker
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whenever the crest of a wave of ice accumulation passes and thinner whenever the trough
of such as wave passes (as shown in Figure 3c). In the present study, to assess the local scour
around a pier, various experiments with local scour (as shown in Figure 4) and without
local scour (namely, the fixed-bed experiments) were conducted, as summarized in Table 1.

(c) Ice jam equilibrium stage

Figure 3. Development of an ice jam at different stages.

Figure 4. Local scour hole around a pier.
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Table 1. Summary of all experimental runs.

Average Approaching Ice Flow Rate Grain Size of With or
Number Approaching Flow Depth H) Q; (Lis) Sand Bed ds Without Local Bridge Pier Shape
Velocity Vy (m/s) (m) ! (mm) Scour
Al 0.17 0.25 0.0205 0.713 With cylindrical
A2 0.15 0.25 0.0205 0.713 With cylindrical
A3 0.17 0.20 0.0205 0.713 With cylindrical
A4 0.15 0.20 0.0205 0.713 With cylindrical
A5 0.16 0.20 0.0205 0.713 With round end-shaped
Ab 0.18 0.25 0.0205 0.713 With round end-shaped
A7 017 0.20 0.0205 0.713 With round end-shaped
A8 0.15 0.15 0.0205 0.713 With round end-shaped
A9 0.17 0.25 0.0205 0.713 With rectangle
A10 0.15 0.25 0.0205 0.713 With rectangle
All 0.15 0.20 0.0205 0.713 With rectangle
Al2 0.15 0.15 0.0205 0.713 With rectangle
A13 0.17 0.25 0.0205 0.490 With cylindrical
Al4 0.15 0.20 0.0205 0.490 With cylindrical
A15 0.17 0.25 0.0205 1.040 With cylindrical
Ale6 0.15 0.20 0.0205 1.040 With cylindrical
Bl 0.17 0.25 0.0205 - Without cylindrical
B2 0.15 0.25 0.0205 - Without cylindrical
B3 0.17 0.20 0.0205 - Without cylindrical
B4 0.15 0.20 0.0205 - Without cylindrical

Pier shape factor K; refers to a table for calculating the pier shape factor and pier
width in the appendix of the Code for Hydrological Specifications for Survey and Design
of Highway Engineering (JTG C30-2015). The pier shape factors of different pier types
involved in this study are shown in Table 2.

Table 2. The pier shape factors corresponding to different pier shape.

Pier Shape Factor K; (The Oblique Angle

Pier Shape with Water Flow is 0°)
cylindrical 1
rectangle 1.2
round end-shaped 0.98

3. Interaction of Local Scour and Ice Jam Evolution
3.1. Impact of Local Scour on Ice Jam Evolution

Figure 5 shows the vertical distribution of flow velocity at the cross section where the
bridge pier is located, with and without a scour in the vicinity of the pier. One can see in
Figure 5 that the difference in velocity distribution before and after an initial ice jam reaches
the cross section (CS-16) where the pier is located (as shown in Figure 6b). It should be
noted here that when an initial ice jam does not reach CS-16, it means that the head of an
initial ice jam is located between CS-17 and CS-16 or downstream of CS-16 (as shown in
Figure 6a), while the ice jam that passes CS-16 corresponds to the fact that the head of an
initial ice jam is located upstream of CS-15 (as shown in Figure 6¢).
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Figure 5. Velocity distributions with and without a pier scour for 3 cases: before the head of an initial

ice jam reaching the pier (a,b); the head of an initial ice jam reaching the pier (c,d); after the head of

an initial ice jam passing the pier (ef).

(b) The ice jam reaches the (c) The ice jam passes through

Figure 6. Pier scour for 3 cases: before the head of an initial ice jam reaching the pier (a); the head of

an initial ice jam reaching the pier (b); after the head of an initial ice jam passing the pier (c).
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As shown in Figure 5, before the head of an initial ice jam reaches and passes the pier,
the flow velocity near the water surface or at the bottom of the initial ice jam at CS5-16 is
smaller. Also, the flow velocity near the channel bed is relative higher with the presence of
a pier scour, compared to that without a local scour (fixed-bed condition), which makes the
initial ice jam develop faster around the pier. When the head of an initial ice jam passes
the pier (CS-16), the development of the initial ice jam is mainly influenced by the flow
condition (velocity and depth) and the scour conditions (with or without a scour). As seen
from Figure 7, in the presence of a pier scour, water levels upstream of the pier (CS-16) are
greater after the initial ice jam passes CS-16; thus, the initial ice jam develops more rapidly
toward the upstream section of the channel.

26 = --o-- Al —a— B1
,gZS 6 5’
<7 2
g 2
- b
g £
g 25.2 2
24.8 . . 24.8 T T
2 7 12 2 7 12
Section Section
() (b)
2 - --o-- A3 —a=—B3 21 - --o-- Ad —e—B4
=208 =
é %20.6
4 1)
2 204 P
3 S
g " =z 20.2

—
N
[o)}

19.8 T T

Section Section

(© (d)

Figure 7. Comparison of water levels in the upstream cross section when the initial ice jam passes
the pier (CS-16) with a local scour and those without a local scour. ((a): Hy = 0.25m, Vy =0.17 m/s;
(b): Hy=0.25m, V3 =0.15m/s; (¢): Hy =0.20m, Vy = 0.17 m/s; (d): Hy =020 m, V =0.15m/s).

The comparison of the time required to complete the formation of an initial ice jam
along the entire channel with and without a local scour is shown in Table 3. Compared
with the results without a local scour process around the pier, the time required to complete
the formation of an initial ice jam along the channel is shorter with the presence of a local
scour around the pier. Because of the local scour process around the pier, the flow velocity
near the pier is smaller, which leads to a more rapid development of the initial ice jam
toward upstream. Meanwhile, with the propagation of the head of an initial ice jam toward
upstream, the water levels upstream of the initial ice jam head are higher, and thus the flow
velocity is lower, and it takes a shorter time to complete the formation of an initial ice jam
along the channel.
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Table 3. The time required to complete the development of an initial ice jam phase with and without

local scour conditions.

Time Required to Complete the

Qi (Ls) Initial Ice Jam Phase (min)
Bridge Pier Shape Vo (m/s) Hp (m)
With Local Without Local With Local Without Local
Scour Scour Scour Scour

cylindrical 0.17 0.25 0.0205 0.0205 138 195

cylindrical 0.15 0.25 0.0205 0.0205 80 107

cylindrical 0.17 0.20 0.0205 0.0205 269 300

cylindrical 0.15 0.20 0.0205 0.0205 100 118
round end-shaped 0.17 0.20 0.0205 0.0224 93 129
round end-shaped 0.16 0.20 0.0205 0.0212 87 175

The flow depths under an equilibrium ice jam with a local scour were compared to
those without a local scour, as presented in Figure 8. At each designated cross section, under
the same hydraulic condition and ice discharge rate, the flow depth under an equilibrium
ice jam without a local scour process (“B”) is smaller than that with a local scour process
(“A”), and thus, the average flow velocity is larger, and the ice transport capacity is stronger.
This means that the existence of a local scour should consume part of the energy of the
flow under an ice jam, which is not conducive to the transportation of ice particles to the
downstream section.

--eo-- Al —e— Bl

21 4 20
--a-- A3 —a— B3

Ju—y

Nl
—_
oo}

_
[e)}

—_
N

-

'S

Water leevel under ice(cm)

Water level under ice(cm)

Juy
6]

Juny

N

8 10 12 14 16 18
Section Section

(@ (b)

Figure 8. Comparison of water depth under an equilibrium ice jam with a local scour around the
pier to those without a local scour. ((a): Hy = 0.25m, Vy=0.17m/s and Hy =0.20m, Vy =0.17 m/s;
(b): Hy=0.25m, Vj=0.15m/s and Hy =0.20m, Vj = 0.15 m/s).

Figure 9 shows the comparison of water levels during the state of an equilibrium ice
jam with a local scour to those without a local scour around a pier. It can be seen from
Figure 9 that for an equilibrium ice jam, the water level at each cross section with a local
scour is greater than that without a local scour around the pier. At the same time, it can be
seen that in general, with the presence of a local scour at the pier, the increase in the water
level along the channel reaches between CS-2 and CS-4 is the highest. This phenomenon
results from the thickening stage of an ice jam, namely, the thicker the ice jam, the higher
the upstream water level and the larger the hydraulic slope, as reported by Sui et al. [39].
The numbers in Figure 9 show that when the water level for an equilibrium ice jam without
the presence of a local scour is used as the benchmark value, one can clearly see the rate
of increase in the water level for an equilibrium ice jam with the presence of a local scour
condition. The rate of increase in water level at the cross section where the pier is located is
also larger because the presence of a local scour and the pier resulted in an increase in water
level compared with that at the other cross sections. On the other hand, one can see from
Figure 10 that the thickness of an equilibrium ice jam at each cross section with a local scour
is greater than that without a local scour around a pier. Because of the existence of a local
scour, the water flow will lose part of the energy through the bridge pier section, which
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reduces the ice transport capacity of the water flow near the bridge pier section, and during
the evolution of the ice jam, the ice particles near the pier are transported downstream less,
and the thickness of the cross-section ice jam increases. While the thickness of the ice jam
near the pier thickens, the upstream water level increases, thereby reducing the water flow
ice transport capacity of the upstream section, and there is more ice particle accumulation
in the upstream section.

Table 4 shows the comparison of the time required for an ice jam to reach an equilib-
rium condition with a local scour process around the pier to that without a local scour. As
shown in Table 4, it takes a longer time for the ice jam to reach an equilibrium jam stage
with the presence of a local scour than that without a local scour at the pier. As mentioned
above, the presence of a local scour consumes the flow energy near the pier. Because of
the presence of a local scour at the pier, the water depth of the flow cross section increased.
During the thickening stage of an ice jam, the ice transport capacity around the pier is
weakened. Thus, there are more ice particles accumulated at the bottom of the ice jam
near the pier; as a consequence, it causes an increase in the thickness of the ice jam and a
reduction in the water depth under the ice jam. This will affect the transport capacity of ice
particles. This local scour process and ice jam evolution interact with each other, and thus,
it takes a longer time for an ice jam development to achieve an equilibrated stage with the
presence of a local scour at the pier.
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Figure 9. Comparison of water levels during an equilibrium ice jam with a local scour around the
pier to those without a local scour. The numbers in Figure 9 show that when the water level for an
equilibrium ice jam without the presence of a local scour is used as the benchmark value, the rate of
increase in water level for an equilibrium ice jam with the presence of a local scour condition is in %.
((@): Hy=0.25m, Vj =0.17m/s; (b): Hy =0.25m, Vy =0.15m/s; (c): Hy=0.20m, Vy =0.17 m/s;
(d): Hy=0.20m, Vy =0.15m/s).
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Figure 10. Comparison of the thickness of an equilibrium ice jam with the presence of a local scour at
the pier to that without a local scour. ((a): Hy =0.25m, V =0.17m/s; (b): Hy=0.25m, Vj =0.15m/s;
(c): Hp=0.20m, Vy =0.17m/s; (d): Hy =0.20 m, Vy = 0.15m/s).
Table 4. Comparison of the time required for an ice jam to reach an equilibrium condition with and
without a local scour around the pier.
Q: (Us) Time Required to Complete the
. . ! Initial Ice Jam Phase (min)
Bridge Pier Shape Vo (m/s) Hjp (m)
With Local Without Local With Local Without Local
Scour Scour Scour Scour
cylindrical 0.17 0.25 0.0205 0.0205 8.5 7.0
cylindrical 0.15 0.25 0.0205 0.0205 9.0 8.0
cylindrical 0.17 0.20 0.0205 0.0205 8.0 7.0
cylindrical 0.15 0.20 0.0205 0.0205 8.5 7.5
round end-shaped 0.17 0.20 0.0205 0.0224 7.5 5.5
round end-shaped 0.16 0.20 0.0205 0.0212 8.5 6.5

As seen in Figure 11, for the same ice discharge rate (Q;), the ratio of jam thickness
(T;) to flow depth under an ice jam (/) T;/h decreases with the increase in the flow Froude
number F, regardless of whether a local scour appears around the pier. An increase in the
F, means that the ice transport capacity of the flow under the ice jam increases, and more
ice particles are transported downstream during the evolution of the ice jam (as shown
in Figure 12). Thus, the thickness of the ice jam becomes relatively small (as shown in
Figure 13). It was also found that with the same F;, the T;/h is larger when there is a local
scour around the pier. Because of the presence of a local scour, the flow velocity at the
cross section where the pier is located decreases. Therefore, the transport capacity of the ice
decreases; the ice jam evolution process slows down, and fewer ice particles are delivered
to the downstream of the pier. Thus, the thickness of the ice jam increases, resulting in
a greater value of T;/h in the equilibrium state. During the thickening process of an ice
jam near the pier, the upstream water level increases. Thus, the ice transfer capacity in the



Water 2022, 14, 1766 13 0of 19

upstream section is also reduced. More ice particles accumulate in the upstream section.
The flow velocity under the ice jam increases and causes the local scour upstream of the
pier. Thus, the T;/h value in the upstream cross section is greater (as shown in Figure 14).
In Figure 12, F, is the flow Froude number of the initial flow at the cross section where the
pier is located.

0.6 1 0=0.0205L/s o With local scour
o Without local scour
E:.
0.2 . .
0.09 0.11 0.13

Figure 11. Relationship between Ti/h and F, with and without a local scour.

Figure 12. Transportation of ice particles.
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®
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7 A b
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Figure 13. Relationship between Ti/h and F, with the presence of a local scour.
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Figure 14. The ratio Ti/h at different cross sections with and without a local scour with the same F;.

3.2. Effect of Ice Jam Evolution on Local Scour

The results show that compared to the formation of a scour hole under an open

flow condition, the formation of a scour hole under an ice-jammed flow condition can be
classified into the following two different categories based on the thickening process of the
ice jam:

1.

The bed shear stress changes dramatically after an ice cover forms on the water surface
compared to that of open flow conditions. Thus, in the presence of an ice cover, the
turbulence intensities in a scour hole increase, and the sediment transport will be
affected significantly. As pointed out by Wu et al. [29-31], the rougher the ice cover,
the closer the maximum velocity to the sand bed and thus, the greater the Reynolds
shear stress inside the scour hole. As a consequence, the scour hole at a pier becomes
deeper. When the development of an ice jam is dominated by a mechanical thickening
process (an ice cover is unable to withstand the external forces acting on it and is
broken up and extruded to form an ice jam) [40], the development process of a scour
hole is similar to that under an open flow condition. In such a case, as the ice jam
develops upstream, the thickness of the ice jam increases. When the initial ice jam
reaches the pier, the thickness of the initial ice jam grows rapidly, and the flow depth
decreases. Thus, the velocity under the initial ice jam at this section increases and
results in an intensified scouring process around the pier with a rapid increase in the
scour depth. The scouring process at the pier gradually decreases since the increase in
the jam thickness gradually slows down and gradually approaches the equilibrium
ice jam phase, as shown in Figure 15 (In the figure, L; is the length of a scour hole, and
h; is the depth of a scour hole at the pier, respectively).

When the formation of an initial ice jam is dominated by a hydraulic thickening pro-
cess (ice floes and frazil ice particles are entrained by flowing water and submerged
at the front of the ice cover and accumulate under the ice cover) [40], with fewer ice
particles entrained and accumulating under an ice cover/initial ice jam, the thick-
ness of the initial ice jam is much smaller and grows more slowly compared to that
dominated by a mechanical thickening process. Thus, the water depth under the ice
jam changes less. The depth of the scour hole around a pier develops similarly to
that under an ice-covered flow condition, and the depth of the scour hole around a
pier increases slowly. During the thickening process of the ice jam (dominated by a
hydraulic thickening process) along the channel, the bottom of the ice jam appears
as a wave-shaped accumulation. It is noticed that when the crest of such a wave
migrates from upstream to the cross section of the pier, the flow depth under the ice
jam decreases, and the flow velocity increases. Under such a circumstance (migration
of a wave of ice accumulation), the scouring process at the pier becomes intense.
Gradually, the development of the ice jam approaches an equilibrium condition, and
the scouring process around the pier slows down, as shown in Figure 16.
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Figure 15. Comparison of the development of a scour hole around a pier under open flow, ice cover
and ice jam conditions in Case 1.
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Figure 16. Comparison of the development of a scour hole around a pier under open flow, ice cover
and ice jam conditions in Case 2.

4. Empirical Relationship between Scour Depth and Ice Jam Thickness

Wang et al. (2021) performed experiments to study the local scour at a pier under an
ice-jammed flow condition [3]. In their study, the relationship between the equilibrium
thickness of ice jams (T;) and the maximum scour depth of scour holes at the pier (i) was
derived as follows,

# =1751(% ) —0016 with R? = 0.491 (1)

The dependence of the ratio of the maximum scour depth of scour holes to the flow
depth (H) on the flow Froude number (F, = V/ (gH)O'S) can be expressed as the following;:

=

— Vv : 2 _
= 2.014 NG 0.146 with R* = 0.951 2)
where V = average flow velocity and g = gravitational acceleration.

In the above study [3], the impacts of both pier size and particle size of bed material
on the maximum depth of scour holes at piers under an ice-jammed flow condition were
not explored. The effect of the ice discharge rate on the maximum depth of scour holes at
piers under an ice-jammed flow condition was not investigated. In addition, the shape of
the piers was not considered.

Namaee and Sui [33-37] carried out experiments in a large outdoor flume to study
local scour around two side-by-side piers under ice-covered flow conditions by using three
nonuniform sands. Considering factors influencing the depth of scour holes around the
side-by-side piers, such as flow Froude number, ice cover bottom roughness, bed roughness,
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pier diameter, and pier spacing, the following equation for describing the maximum scour
depth of scour holes was obtained:

tomer 5.96(%) WO(%) 0'256(%)0'546(5)14677 with R2 = 0.900 3)
where ymax = maximum scour depth, D5y = median particle diameter, iy = approach flow
depth, G = bridge spacing distance, D = pier diameter, n; = ice cover roughness, and
np, = channel bed roughness.

In the above study [30], two types of model ice covers with different roughness
coefficients were used. The evolution of an ice jam on the local scour process around piers
was not studied.

Overall, the maximum depth of scour holes () in the vicinity of the pier under an
ice jam depends on the flow intensity, pier size (D), particle size of the sand bed (dp),
ice particle size (d;), thickness of an ice jam (T}), ice discharge rate (Q;), roughness of the
channel bed (1), and ice cover (n;), respectively. The maximum depth of a scour hole (%)
can be expressed as the following relation:

hs = f(T;,H,V,Q;, D, g,d;,dy,n;,ny) 4)

From the dimensional analysis, the relative maximum depth of a scour hole (hs/H)
can be presented as follows,

hs =f L W Qi Ddmn (5)
Hy Hy' \/¢H Quw’ Ho  dy’ mp

The dimensionless variable Froude number of the approaching flow is very important.
In the current study, only one sand was used for bed material. For the model ice particle,
only one size of model ice was used. Thus, only the dominant parameters affecting the
maximum scouring depth around a pier under an ice jam were considered for developing
an empirical relationship to describe the dependency of the maximum scour depth on the
ice jam thickness, flow Froude number, and ice discharge rate. The ratio n;/n;, was not
considered in this study, assuming both n; and n; did not change much. In the present
study, the pier coefficient was also considered since different pier shapes were used. Based
on data collected from experiments, a regression analysis of the relative maximum scour
depth (hs/H) against other dimensionless variables including the relative ice jam thickness
(T;/H), flow Froude number (F;), grain size of bed material (dso/D), pier shape factor(K;),
and ice discharge rate (Q;/Q) was performed. The following equation for calculating the
maximum depth of a scour hole at a pier under an ice jam was derived:

0.247 1.483 0.177 —0.416
hs T; Vo Qi dso 1.288 : 2 _
i =10.928( ;) ( M) (8) (%) K withR2=0771 (©)

where g = gravitational acceleration, Q = flow discharge, H = approaching flow depth,
V = average approaching velocity, dso = Grain size of sand bed, D = pier size, and K; = pier
shape factor.

Equation (3) implies that the relative maximum scour depth (hg/H) of scour holes
around the pier primarily depends on the relative ice jam thickness (T;/H), Froude number
(Fr = V/(gH)??) of the approaching flow, and ice discharge rate (Q;/Q). One can see from
Equation (3) that the thicker the ice jam accumulation, the deeper the scour hole around the
pier. The depth of a scour hole also increases with the flow Froude number. Interestingly, a
larger ice discharge rate (Q;/Q) also results in a deeper scour hole. This is because a larger
ice discharge rate (Q;/Q) leads to a thicker ice jam. On the other hand, the finer the bed
material (dsp/D), the larger and the deeper the scour hole around the pier. For a bridge
pier whose cross section has a rectangular shape, the pier shape factor is more than that
of a cylindrical shape. Thus, the maximum scour depth around the rectangular-shaped
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pier is more than that around a cylindrical pier. As shown in Figure 17, the results of the
calculation using Equation (3) agree well with those of the laboratory measurements. The
hs” in Figure 17 is the calculated maximum depth of a scour hole.

0.4
0.3 -
A
A
0.2 - < e
0.1 -
0 T T T
0 0.1 0.2 0.3 0.4
nJ/H

Figure 17. Comparison of the ratio of calculated maximum scour depths to H to those of

the measurements.

5. Conclusions

In the present study, experiments in a flume were carried out to study the influence

of the evolution of ice jams on the local scour around bridge piers. The following results
were obtained:

1.

During the formation of the initial ice jam around the piers with the local scour
process, compared to the absence of the local scour around the pier, the depth of the
water under the initial ice jam is greater with the local scour, implying that the flow
under the initial ice jam has less capacity for transporting ice particles. Thus, during
the thickening stage of an ice jam, more ice particles accumulate under the initial ice
jam, and the thickness of the equilibrium ice jam is greater.

Compared to the results without a local scour, with the presence of a local scour
around the pier, it needs more time for an ice jam to achieve an equilibrium condition;
the upstream water level and jam thickness are clearly higher, and the rate of increase
in the water level of equilibrium ice jams in upstream and pier sections is larger. In
addition, the flow depth under an equilibrium ice jam with the scour case is smaller
than that without a pier scour, implying that the presence of a local scour consumes
part of the flow energy and is not conducive to transport ice particles.

Compared to the development of scour holes without the presence of an ice cover,
the formation of scour holes under an ice jam can be classified into the following
two different categories based on the thickening process of the ice jam: (a) When the
development of an ice jam is dominated by a mechanical thickening process, as the
ice jam develops upstream, the thickness of an ice jam increases. When the initial ice
jam reaches the pier, the flow depth under the ice jam decreases. The development of
a scour hole is accelerated. Experiments showed that the development of a scour hole
under an ice-jammed flow condition is faster before an ice jam reaches an equilibrium
state. (b) When the development of an initial ice jam is dominated by a hydraulic
thickening process, during the thickening stage of an ice jam, when the ice wave crest
reaches the pier, the thickness of an ice jam increases rapidly, and thus, the flow depth
under the ice jam decreases and leads to a rapid development of the scour hole at
the pier.

Regardless of whether a local scour appears or not, the T;/h is negatively correlated
with F,. An increase in F; results in an increase in the ice transport capacity. Therefore,
more ice particles are transported downstream, and the ice jam thickness is relatively
small. However, with the same flow Froude number F,, the T;/h value is larger in the
presence of a local scour. The ice jam thickness near the piers increases, which leads
to an upstream water level increase, and the ice transport capacity is weakened. Thus,
the ice jam thickness in the upstream section of the pier increases
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5. Anequation for calculating the maximum depth of a scour hole around the pier under
an ice-jammed flow condition is obtained. The results show that with the increase
in the flow Froude number (F;), ice flow (Q;), and pier shape coefficient (K;), the
maximum depth of scour holes around the pier increases. The maximum depth of
a scour hole under an ice-jammed flow condition increases with the decrease in the
particle size of the sand bed. The calculation results using the proposed equation
agree well with those of the measurements in the laboratory.

6.  This paper mainly focuses on the interaction between local scour at a single pier and
ice jam evolution under the flow condition whereby the leading edge of an initial ice
jam can reach the upstream of the piers. The mechanical impact of ice particles on
the pier and the interaction between piers (pier superstructure) and ice jams under
extreme conditions were not investigated. The influence of different angles between
the direction of the flow and the bridge pier on local scour at the pier was not assessed.
In the event that the leading edge of an ice jam cannot reach the pier section, the local
scour around the pier should be further studied.
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