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ABSTRACT

Significant progress has been made in understanding the mechanisms and
simulations of ice-induced shock vibrations due to continuous experimentation
and simulation of vibrations induced by ocean platforms. However, the threat of
such vibrations to bridges in cold regions with spring rivers remains significant.
Currently, challenges persist in the numerical analysis methods applied to
vibrations caused by collisions between ice and bridges in river channels. This
difficulty primarily arises from the insufficient consideration of the impact of
flow field coupling on ice-induced shock vibrations under various simulation
conditions. This paper aims to analyze the influence of ice-induced shock
vibrations arising from collisions involving bridges, ice, water, and air. It also
compares the Semi-Arbitrary Lagrangian-Eulerian (S-ALE) and Arbitrary
Lagrangian-Eulerian (ALE) methods, finding that the S-ALE method is better
suited for complex flow-solid coupling analysis under the same model.
Comparative analysis shows that the fluid effect period increased by
approximately 30%, resulting in an 8% reduction in peak values. This confirms
the applicability of the ice-induced shock vibration theory and demonstrates that
factors such as velocity and thickness significantly impact these vibrations. The
findings offer valuable insights for the numerical simulation of river ice-induced
shock vibrations due to bridge-ice collisions in cold areas.
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1. INTRODUCTION

Rivers in cold regions undergo a thawing period each
spring following the winter freeze. During this period,
drifting ice bodies form and flow downstream, impacting
hydraulic structures in the river. These ice collisions can
cause wear and tear on structures, reduce their service life,
and may even lead to dislocations between supports and
beam bodies, deformation and fracture of expansion
joints, and in extreme cases, compromise the stability and
integrity of rivers and bridges, potentially leading to the
collapse of hydraulic structures and severe casualties.
Therefore, this paper focuses on the numerical simulation
and analysis of the ice-induced vibration response of
bridge piers in cold regions.

Since the 1960s, three basic response modes of ice
shock vibration have been identified: indirect breaking,
frequency locking, and continuous breaking (Xu & Erkan
2018). These studies highlight how the characteristics of
ice floe destruction and structural vibration vary with the
velocity of the ice flow. Marine platform vibration was

first studied in the Bohai Sea during oil exploration and
exploitation activities in China (Yue, et al. 2008), marking
the beginning of research into ice shock vibration.

In 1986, Sodhi & Morris (1986) conducted a small-
scale experiment and observed that as flowing ice moves
through a rigid cylindrical structure at varying speeds, the
linear relationship between the characteristic frequency of
the continuous ice-breaking force and the ice velocity-to-
ice thickness ratio is minimally affected by the cylinder's
diameter. They concluded that the average length of the
damaged area is approximately one-third of the ice
thickness. In 1988, Jordaan (1988) performed a medium-
sized test where he found that when drift ice rapidly
compresses against a structure at a constant speed, the
periodic variations in the moving ice load correlate with
the ice sheet breaking. Jordan highlighted that the primary
mechanisms of energy dissipation during the load cycle
include the viscous extrusion of crushed ice grains, the
elastic stored energy in both ice and structures, and minor
surface energy from ice fragmentation. In 1989, Karna &
Turunen (1989) investigated an offshore structure's ice
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shock vibration model, which characterized the nonlinear
coupling between fragmentation and clearing processes.
In 1994, Kennedy et al. (1994) noted that in a series of
medium-sized tests, the extrusion of broken ice coincided
with the peak breaking load of the ice sheet, whereas slow
extrusion correlated with the non-peak stages. In 2001,
Devinder (2001) conducted small-sized tests to measure
the pressure between freshwater ice rows and structures,
gathering data on the interaction and response of ice forces
at different ice speeds. This paper provided insights into
how ice force varies with ice speed. In 2015, Kashfi et al.
(2015) conducted destruction tests on freshwater ice cone
samples, gaining a deeper understanding of the load and
dynamic characteristics of ice during compressive
destruction. The tests also revealed peeling and crushing
behaviors of ice and various degrees of recrystallization
within the compression areas. In 1995, Cai Zhirui et al.
(1995) focused on the dynamic response of drift ice
impacting the Jiamusi Songhua River Highway Bridge,
determining the drift ice load through dynamic
displacement. In 2002, Ou et al. (2002) of Harbin Institute
of Technology proposed a unified static ice force model
that simplifies the treatment of different types of ice row
destruction, including extrusion, buckling, and bending.
The model also analyzed conditions conducive to self-
excited vibration. Yue et al. (1999) from Dalian University
of Technology demonstrated in 1999 that in ice-induced
vibrations of cone structures, the ice sheet primarily fails
due to bending, exhibiting noticeable periodicity and
dynamic amplification. In 2000 and 2005, Yue & Bi
(2000) analyzed the vibration of ice-breaking cone and
cylindrical structures and (Yue et al. 2005) observed the
toughness and brittle transition of sea ice under uniaxial
loading. In the ductile zone, the compressive strength of
ice increases as the strain rate decreases, stabilizing in the
brittle zone. This transition is crucial for further studies. In
2006, Qu (2006) investigated random ice loads on marine
structures through field data analysis. In 2012, Dong
(2012) conducted model tests to explore the effects of ice
forces on upright round piles and pile structures and to
simulate protection facilities for typical and sloped
structures. In 2017, Wang (2017) obtained data on the
bending strength and elastic modulus of natural ice
through in-situ cantilever tests, further refining the
comprehensive coefficient in the ice force calculation
formula through model testing. These studies are pivotal
for understanding and predicting the random ice loads on
marine structures, the characteristics of ice forces on
impact structures, and the interactions between natural ice
and vertical structures. They provide a vital foundation for
engineering design in related fields. In 2019, Kehua et al.
(2019) investigated the coupling effect of aerodynamic
loads and ice-induced vibrations on offshore wind turbine
generators. The frequency domain response results
indicated that ice-induced vibrations significantly affect
the vibration of wind turbine towers. In 2021, Zhu et al.
(2021) explored the combined effects of dynamic ice
loads, tidal current resistance, and wind load on offshore
wind turbines. Their study, which utilized self-excited
vibration theory, concluded that the frequency of sea ice
was "locked" onto the first frequency of the wind turbine.

In recent years, scholars have increasingly deepened
their study of the interactions between ice and structures.
Significant advances have been made in theoretical
modeling, numerical simulation, and experimental
research, enhancing both academic research and practical
applications in ice shock vibration. However, challenges
remain in the field. Firstly, most research focuses on sea
ice, whose mechanical properties differ from those of river
ice. Consequently, findings related to the ice-induced
vibrations of offshore platforms cannot be directly applied
to rivers. Additionally, studies on ice-induced vibrations
in cold regions often lack empirical data, leading
researchers to rely on numerical simulations and
theoretical studies that seldom account for the influence of
fluid dynamics.

This paper innovatively incorporates mechanical
characteristics such as the ductile-brittle transition of river
ice and employs the advanced S-ALE. This method
effectively couples fluid dynamics with impact dynamics,
advancing research on ice-induced vibrations of river ice
and bridge piers. By analyzing the dynamic curve outputs
of piers, we gain a deeper understanding of the
mechanisms and characteristics of ice-induced vibration
with fluid interaction in rivers. Furthermore, this paper
compares the S-ALE method with the traditional ALE
method, demonstrating the superior performance of S-
ALE in handling such issues and briefly exploring how the
properties of the ice affect ice-induced vibrations. This
paper provides a theoretical reference for understanding
the vibration characteristics of hydraulic structures
exposed to ice.

2. THE DYNAMIC RESPONSE MODEL

This paper employs numerical simulation to study
ice-induced vibration. This method effectively addresses
natural phenomena that occur under specific conditions
and are difficult to measure directly. LS-DYNA, an
advanced explicit nonlinear dynamic analysis software, is
extensively used to simulate various complex nonlinear
problems in the real world. Particularly useful for impact
dynamics problems, the software can also handle fluid-
solid coupling using ALE and S-ALE methods. The
choice of S-ALE in this research is motivated by its
convenience and accuracy. Yu et al. (2011) conducted a
detailed field test on the ice impact force on Pier No. 10 of
the Jiamusi Bridge over the Songhua River on April 12,
2009, providing valuable experimental data for theoretical
analysis. In this paper, the measured data are used for
simulation, and the reliability of the numerical simulation
is validated by comparing the peak ice force, facilitating a
thorough discussion on the vibration response during the
collision process.

2.1 Ice Body Model

The destruction characteristics of river ice exhibit
distinct patterns, varying with temperature and strain rates
during testing. In engineering terms, materials that
undergo less than 5% plastic deformation before
fracturing are generally classified as brittle. Under low
strain rates, ice failure tends to exhibit toughness, often
resulting in swelling failure after compression.
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Table 1 Ice body model, calculated parameters

Ice

Density/ (kg/m®) 910

Young modulus/ (GPa) 2.2
Plastic hardening modulus/ (GPa) 4.26
yield stress/ (MPa) 2.12
Poisson ratio 0.31

failure criterion 0.35

Conversely, at high strain rates, the ice becomes brittle,
and the failure mode demonstrates increased brittleness.
Ice may experience only brittle failure at very low strain
rates, while it displays brittle transition characteristics at
intermediate rates.

The isotropic elastic fracture failure model is used in
LS-DYNA simulations to describe the constitutive
relationship with strain rate during impact. Specifically,
the plastic strain failure criterion *
MAT_STRAIN_RATE_DEPENDENT_PLASTICITY is
adopted. This model simulates the behavior of materials
under different strain rates effectively. In this paper, the
*MAT_ADD_EROSION option is used to simulate ice
breaking, controlling the principal tensile stress at 0.8
MPa. Elements exceeding this stress threshold are deleted
to prevent the subsequent effects of interference and to
reduce both the computational load and the possibility of
errors. This method not only minimizes the occurrence of
adverse volume issues but also simplifies computational
complexity. Many constitutive models in LS-DYNA do
not inherently include failure, which makes the
*MAT_ADD_EROSION option valuable for introducing
failures into these models. The scheme is highly versatile
and suitable for various constitutive models with differing
failure and erosion criteria.

According to the competitive model of dislocation
slip and cleavage fracture proposed by Rice and Thomson
(1974), when the strain rate is very low, the main cause of
material damage is internal dislocation slip. At this rate,
the ice undergoes plastic deformation and does not exhibit
rapid crack propagation, which contributes to the
toughness of the ice. Under conditions of high strain rate,
internal dislocation slip does not have enough time to
complete within the sample. Consequently, the ice
primarily undergoes cleavage, and the cracks expand
rapidly, rendering the material brittle. However, there are
few studies on the mechanical properties of river ice, with
the majority focusing on sea ice. Many factors influence
the mechanical properties of ice and demonstrate
significant specificity, making it challenging to apply
findings from sea ice studies to address common problems
of river ice-structure interaction in China. Therefore, to
study the interaction between local fluid and bridge pier
structures in cold areas, it is necessary to use the unique
ice bodies found in these regions for experimentation. This
paper focuses on Songhua River ice, drawing inspiration
from the research findings of Yin (2019) and Oxford
(2018). The ice body parameters obtained indicate that the
compressive strength generally reaches its peak at about 1
x 10 -3 MPa when the loading rate is lower than this value.
When the loading rate is less than 1 x 10 -® MPa, strength
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Fig. 1 Compressive strength and strain rate fitting
curve

is positively correlated with the loading rate, and when the
loading rate exceeds 1 x 10 ° MPa, the strength is
negatively correlated with the loading rate. The ultimate
compressive strength of ice increases gradually in the
temperature range from 0 °C to -20 °C, especially between
-3 °C and -5 °C, highlighting the sensitivity of ice strength
to temperature changes. This paper, targeting the melting
period in early spring, considers the brittleness transition
curve of the ice layer at 0 °C.

For computational convenience, this paper employs
Python programming to fit the intensity and strain rate
curve obtained from uniaxial compression experiments on
river ice, as reported by Oxford (2018). The resulting
curve, shown in Fig. 1, facilitates the easy retrieval of
compressive strength corresponding to different rates for
subsequent substitution in calculations.

In the interaction with the actual structure, ice forces
rarely reach the maximum at a specific strain rate.
Therefore, it is necessary to describe the material
properties of river ice more accurately. However, for the
purposes of this paper, we must assume a fixed
compressive strength at a specific strain rate, which
simplifies the complexity of the research.

The accuracy of the calculation results depends on
the grid size, but using an excessively small grid size will
undoubtedly increase the computational workload.
Considering that the peak ice force from impact failure is
much larger than that from extrusion, the critical part of
the collision simulation is located at the interface between
the ice sheet and the bridge pier. Thus, the ice strip grid in
this area needs to be appropriately refined. Initially, the
entire ice body must be meshed.

Yu et al. (2011) suggests that enhancing calculation
efficiency and accuracy requires determining reasonable
lengths for the ice sheet in the flow direction and
perpendicular to the flow. The analysis indicates that the
lengths of the ice sheet in the flow direction and
perpendicular to the flow should be at least 25% and 10%,
respectively, of the corresponding ice sheet dimensions
(2.6 times the half-width of the pier). Based on this, the
total dimensions of the ice body are 8 m x 6 m x 0.5 m.
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Fig. 2 Ice body fragmentation model

To improve computational efficiency, the grid size
for the impact area is set to 0.20 m x 0.20 m x 0.20 m.

2.2 Pier Model

The pier uses the reinforced concrete model
*MAT_PLASTIC_KINEMATIC proposed by Li et al.
(2004) to simulate isotropy and strain hardening plasticity,
which includes the rate effect to address the ice-induced
vibration. The pier design features a double-column
structure, common in the cold regions of our country,
which experiences significant deformation due to ice
pressure load. The single cylinder is taken as the study
subject, and the response of the double-column pier to ice-
induced vibration is expected to be more pronounced.
According to investigations, during the dry season in
spring, the water level of the Songhua River ranges from
about 1.6 m to 7.2 m. In this simulation, the impact height
is 7.2 m, the height of the pier is 10 m, and its radius is 3.6
m. To enhance computational efficiency, the model is
simplified, and a grid size of 0.30 m x 0.30 m x 0.40 m is
used for the pier. The grid standard adopted in this paper
is the Warping Factor, with the average Warping Factor of
the hexahedral grid of the pier being 0.16, which is below
the warning level for solid elements. Therefore, the mesh
size is considered feasible.

It should be noted that the simulation considers the
highest water level during the low water period and
simulates the most unfavorable conditions, but it
somewhat neglects the influence of impact height on ice-
induced vibrations.  Furthermore, the structural
dimensions of the pier, including its typical height and
radius in the river, are chosen without exploring the effects
of varying pier sizes on ice-induced vibrations. Therefore,
this aspect should be addressed in future research. In this

Table 2 Calculation parameters of the concrete model

Pier
Density/ (kg/m?) 2670
Young modulus/ (GPa) 36
yield stress/ (MPa) 35
Poisson ratio 0.2
Plastic damage strain/ (MPa) 0.378x10°

Fig. 3 Compressive strength and strain rate fitting
curve

paper, through a fixed-height impact, the effect of water
flow is verified in the simulation, and the related influence
of the ice body is determined (Zhang, 2014).

Due to the addition of a fluid-structured grid in the
model, complexity significantly increases, making it easy
for the negative contact volume to fail to converge.
Therefore, the ice body is placed very close to the bridge
pier to reduce calculation difficulty and improve
efficiency. The contact algorithm in this paper adopts the
penalty function method, and the contact types are
*ERODING_SURFACE_TO_SURFACE and
*ERODING_SINGLE_SURFACE.

2.3 Fluid-Solid Coupling Model

In the simulation of the pier-ice-water-air coupling
collision, the coupling effects of the pier, ice, water, and
air must be considered. This includes the interaction
between the pier and ice, as well as between the fluid and
the pier/ice body. Additionally, the effects of fluid
resistance and the gravity field on the floating ice are taken
into account. Specifically, the initial Kinetic energy of the
ice is transformed into an ice load, which leads to the
vibration response of the bridge pier when it interacts with
it. The core of the overall coupling setting focuses on four
parts: boundary conditions, hydrostatic pressure, gravity
field, and coupling settings. The boundary condition
allows for the inflow and outflow of the fluid by utilizing
local pressure gradient variations on the boundary. It also
defines the boundary condition of the infinite field of the
fluid and prevents the flow field's seepage problem. To
simulate the hydrostatic floating of the ice body,
hydrostatic pressure is applied to the flow field to maintain
air pressure at 1 atmosphere, and water pressure varies
with water depth. The gravity field is applied to the ice and
piers through the gravity keyword. Then, when
considering the reasonable floating state of the object, the
ice body collides with the pier body. In this paper, the
wind effect is not considered in the analysis, as it has little
influence on the problems studied.

It should be emphasized that in the river, the flow
velocity in the middle of the river is the fastest, and
the flowing ice near the riverside will be subjected to the
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resistance of the river bank and have less impact; thus, this
paper focuses on the middle of the river. Therefore, for the
boundary conditions of this research, taking the middle of
the river as the research object, a non-reflection boundary
is selected to simulate the actual situation in the center of
the river.

In the process of fluid scour in this paper, the scour
depth has a profound influence on the scouring of the
fluid, but there is a fixed bearing connection at the bottom
of the pier, and the direct scour effect of the fluid under
the ice is minimal. Throughout the duration of the study,
the cumulative scouring effect is very weak. At the same
time, setting a shallow scouring depth can significantly
reduce the calculation load. Therefore, this paper sets the
entire research depth at 7.2 m, which is the same as the
water depth. For depths close to 7.2 m, due to the
connection mode at the bottom of the pier, the scouring
effect is also very weak and can be ignored.

Regarding the fluid grid, computational efficiency is
prioritized, and secondly, the mesh penetration effect,
which is prone to occur in fluid analysis, needs to be
addressed. To mitigate grid penetration, a grid size of 0.10
m x 0.10 m x 0.10 m is selected, balancing accuracy and
computational efficiency. The wind effect is excluded
from the analysis as it has minimal impact on the problems
being studied.

LS-DYNA typically utilizes a constitutive model and
an equation of state to describe fluid materials, such as air
and water. In this paper, NULL material and
*EOS_LINEAR_POLYNOMIAL are selected to simulate
air and water, respectively. The dimensions of the water
body are selected considering that the ice body has a
minimal effect on the second half of the bridge pier after
it breaks. According to simulation results and the actual
situation, the ice body will develop cracks in the contact
range following impact breakage. As the ice body
penetrates deeper into the pier, these cracks continually
expand, and the ice body itself also fractures with the
expansion of these cracks. Consequently, its width is three
times the diameter of the pier. The length is twice that of
the ice body, and its height varies from about 1.6 mto 7.2
m, based on the investigation of the depth of the Songhua
River during the low water period. The greater the impact
height, the more pronounced the response to ice-induced
vibrations of the pier, thus the height is set at 7.2 m. The

Table 3 Fluid model calculation parameters

Alir Water
Density/ (kg/m®) 1.25 1025
Failure stress/ (Pa) -1 -10
Sticki ) 1.764 .
ickiness/ (N-s/m?) x10°5 8.684 x10
Co 0 101325
Cy 0 2.25x10°
C, 0 0
Cs 0 0
Cs 0.4 0
Cs 0.4 0
Cs 0 0
Eo(Pa) 2.53x10° 0
Vo 1 1

height of the air domain extends from the water body to
the top of the pier to simplify calculations and enhance
computational efficiency.

The materials for water and air are detailed in the
table:

In *EOS_LINEAR_POLYNOMIAL, the internal
energy in the linear polynomial equation of state is linear.
The pressure is given by the following formula:

P = CO + CLu + CZ‘uZ + C3H3 + (C4 + CS,LL + C6MZ)E

Co is the first coefficient of the polynomial equation,
and C; is also the first coefficient of the polynomial
equation (when used alone, this represents the elastic
volume modulus; that is, it cannot be used for deformation
beyond the elastic range), and so forth up to Ce, which is
the sixth polynomial equation coefficient. Vo represents
the initial relative volume.

2.4 Comparison of Methods

In this paper, the fluid-solid coupling model can be
divided into two categories in numerical simulation:
boundary mapping and boundary non-mapping. The
classical numerical method, the Arbitrary Lagrangian-
Eulerian (ALE) algorithm, allows the grid on the boundary
to move like a Lagrangian grid or remain fixed like an
Euler grid, consistent with the solid. However, this method
is typically suitable for simpler fluid-solid problems but
exhibits many limitations in complex multi-body or three-
dimensional problems. In LS-DYNA, the ALE algorithm
primarily addresses the influence of fluid to solve fluid-
solid coupling issues. In this algorithm, the relative
velocity is introduced as the velocity of matter, and the
conservation equations for mass, momentum, and energy
are proposed. Then, the connection between the master
contact surface and the slave contact surface is established
using the penalty function method, enabling fluid-solid
coupling. When penetration occurs, a series of springs are
automatically set between the master contact surface and
the slave contact surface to limit the penetration through
spring force.

ap av; ap

at ax; Lax;
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Where p represents density, X; denotes spatial
coordinates, v; stands for velocity components, and w; b;
represents volume forces. gy indicates the stress tensor,
and E represents energy.

These three equations, detailing the conservation of
mass, momentum, and energy in fluid dynamics, describe
the changes in internal mass within the fluid, the
movement and deformation under different conditions,
and the energy transfer and distribution within the fluid,
respectively. These equations form the foundational
principles of the ALE method.

This paper adopts the more advanced S-ALE method
in LS-DYNA/ANSYS software. The S-ALE method
allows for free switching between Lagrangian and
Eulerian coordinate systems during the simulation
process. This method is based on the ALE approach but is
more simplified and efficient than the traditional ALE
method. The traditional ALE method requires users to
define and generate detailed configurations during the
preprocessing stage and then load them sequentially
during computation. To enhance the efficiency and
feasibility of large-scale fluid-solid coupling calculations,
LS-DYNA introduces a new S-ALE algorithm, which
improves upon the traditional ALE algorithm. The main
difference is that the S-ALE algorithm simplifies the
process of structural element modeling. Compared with
the traditional ALE method, the S-ALE algorithm directly
reads the geometric size and spacing information from the
calculation file, thereby avoiding the need to load the
nodes of all the elements used by the structured elements
individually.

For this model, both the ALE and S-ALE methods
are used to ensure that the corresponding end times and
time steps are identical, and the final end time is calculated
on the same computer.

In the actual experiment, the peak ice force on the
pier facing the maximum ice sheet is 2432.82 kN, while in
the simulation, the theoretical difference between the two
methods is less than 10%. The difference with the ALE
method is about 4.26% when the difference is 7.02%. It
can be considered that the numerical simulation accurately
reflects the impact effect of the actual situation.

Table 4 Comparison of two calculation methods

ALE S-ALE
Operate memory occupancy 74% 57%
Expected end time 33h28min | 25h4min
Start solving the required 31 19
memory (M)
Additional dynamic memory
allocation (M) 790 555
Peak ice force calculation 260361 | 2536.35
value(kN)

Fig. 5 Diagram of ice impactforce on water surface

The S-ALE algorithm, in comparison to the
traditional ALE method, offers a more reliable modeling
approach, higher computational efficiency, a reduced
memory footprint, and enhanced computing stability.
These improvements make the S-ALE algorithm
particularly promising for addressing large-scale flow-
solid coupling problems. The method is well-suited for
substantial deformations and severe displacements,
especially under extreme conditions such as high-speed
collisions, shocks, and explosions. It excels in accurately
simulating the extensive coupling effects between fluids
and solids. By editing the k-file, the S-ALE algorithm
enables the structured grid to be saved as commands,
which the solver can generate in real-time. This
streamlines the calculation process and effectively
distinguishes the impact and coupling problems. The
ability to create structured grids dynamically during the
simulation enhances flexibility and efficiency,
contributing to a more effective and accurate
representation of the complex interactions between fluids
and solids in dynamic scenarios.

3. ANALYSIS OF THE OCCURRENCE MECHANISM
OF ICE SHOCK VIBRATION AND THE
VIBRATION RESPONSE UNDER FLOW-SOLID
COUPLING

Based on the continuity of ice destruction processes,
existing ice shock vibration dynamics models can be
divided into two major categories. The first category was
initially developed by Blenkarn (1970) and further
expanded by Maéattanen (1978). It is based on the negative
damping mechanism. In this model, the damage from ice
shock vibration is seen as a continuous crushing process.
The moving ice force is calculated by the compression
strength of ice, which is related to ice speed. Within a
specific range, the ice speed exhibits a negative gradient,
thereby providing negative damping to the structure and
leading to structural dynamics instability and self-excited
vibration. This model is simple and easy to use. The
second model type assumes that ice destruction is
intermittent, equivalent to the ice fragmentation
frequency, which equals the ice speed divided by the
characteristic length. Matlock first proposed an
intermittent-damage dynamic model for ice, which
reflects the general characteristics observed across all ice
speed ranges in experiments, with small structural
responses at low and high-speed ranges and significant
responses in the medium speed range. However, it cannot
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accurately predict ice shock vibration. This model is
termed forced vibration. Sodhi (1994) modified Matlock
et al. (1971) model to incorporate ice-structure
interactions, including the loading phase of mutual
contact, the crushing process of the ice plate, the structural
ice removal process, and the separation process that may
occur during ice-structure contact. Sodhi's model contains
more process details and is more precise and reasonable.
There is significant controversy over self-excited and
forced vibration, and more thorough experimental and
theoretical research is still needed.

In the spontaneous vibration model of continuous ice
destruction, the interaction between ice and structure
includes only the contact crushing process, and the ice
force is considered the destructive ice force. This leads to
the motion control equation for the entire process being
simplified to a single degree of freedom spring oscillator
and the ice body. The dynamic balance equation is
obtained as follows:

mx + cx + kx = Fe(t)

Where m represents the mass of the system, X is the
acceleration of the system (the second derivative of
displacement with respect to time), ¢ is the damping
coefficient of the system, xis the velocity of the system, k
is the stiffness of the system, and Fy(t) represents the ice-
breaking force.

Furthermore, based on the Korzhavin formula, the
magnitude of the ice-breaking force is formulated in the
following function:

Fy = IqahDoy

In the mentioned equation, 1 q and a represent
indentation, geometric, and contact coefficients,
respectively. D is the diameter of the structure, h is the
thickness of the ice, and o represents the compressive
strength of the ice. This correlation is illustrated in Figure
1. The compressive strength is determined by the strain
rate, which satsfies:

. Ut
“Th

Where v; denotes the ductile-to-brittle transition rate,
the relative velocity of the ice, and h is the thickness of
the ice, significantly impacting dynamic ice forces. Thus,
for small amplitude vibrations, the above equation can be
formulated as follows:

mx + cx + kx = Fp(v — x)

0Fs(v)
v

mi + cx + kx = Fp(v) — X
dF;(v)

mix + (¢ +
( v

)X + kx = Ff(v)

2 . N .
If: Ffv(v)ls set to ¢i , then when the gradient in the ice force

strain rate correlation curve is negative, the structure will
undergo dynamic instability, leading to self-excited
vibrations.

Self-excited vibration models typically treat the ice
destruction process as continuous, but this assumption is

only reasonable if the ice speed remains relatively
constant. However, in the natural environment of a
channel, ice speed tends to vary significantly, and the
correlation curve of the ice destruction rate levels off at
high loading rates. As shown in Figure 1, the negative
damping effect is relatively weak under these conditions,
leading to doubts about the validity of the self-excited
vibration model. Structural dynamic parameters, such as
the mechanics and destruction of ice, affect ice shock
vibration differently by altering the ice speed range,
position, and structural amplitude (Yue, et al., 2007).
Additionally, there is a competitive relationship between
the stochastic nature of ice destruction and the strain rate
effect, which is crucial in generating ice shock vibrations.
Ice shock vibration originates from the strain rate effect of
ice destruction, and the mechanical mechanisms behind it
include frequency modulation and an asymmetric positive
feedback effect, which together amplify the kinetic energy
transfer between the structure and the ice, thus leading to
the occurrence of ice shock vibrations (Huang, 2021).

In this paper, the actual vibration situation can be
reproduced in a controlled computing environment, and
the analysis of the broken state of the ice body can
determine which theory better describes the current
vibration form in river conditions, thus providing a more
comprehensive and quantitative evaluation of the
applicability of the two theories on ice-induced vibrations.

3.1 The Form of Ice Damage

When the ice body impacts a bridge pier, there are
generally four forms of damage: shock damage, extrusion
damage, buckling damage, and bending failure (Hendrikse
& Metrikine, 2016).

Impact ice force is one of the most common forms of
river ice action on gravity piers. It demonstrates the impact
of the ice flow on the bridge pier and stimulates the
vibration response of the bridge structure. In shock
damage, the ice force typically presents multiple separated
peaks, and the instantaneous effect is powerful. Therefore,
impact damage is significant in the effects of river flow ice
on bridge piers. Another common form of ice force action
is the crush-breaking ice force. When the ice flow exerts
an extrusion effect on an upright hydraulic structure, a
semi-elliptical area of damage forms at the front end of the
ice plate. The damage gradually accumulates within this
area until destruction eventually occurs. This type of
crushing damage is also relatively common, especially in
cases involving upright structures (Du, 2003). Impact and
crush damage are two prevalent forms of ice force
generated by river flow ice on piers or other hydraulic
structures, which may trigger different types of structural
responses and destruction mechanisms under various
conditions.

For buckling damage and bending failure, when the
ice flow is relatively thick upon colliding with the
structure, it typically rises in the contact area. During this
process, ice within a certain range experiences intense
pressure, loses stability, and buckling damage may
eventually occur. Here, the good mechanical properties of
the ice flow lead to a bulge in the contact area.
Conversely, the thick ice within the contact area may buckle
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and deform, eventually being destroyed in response to
collision and compression. This damage often occurs
together with extrusion damage in various combinations
of damage forms. Buckling failure and bending failure are
similar yet distinct (Yue, 2003). When the ice flow is
thicker, it collides with the structure in the contact area,
usually causing the ice within a specific range to suffer
intense pressure, lose stability, and undergo buckling
damage. Bending damage typically occurs before ice-
breaking structures on inclined surfaces, such as the cone
structure of an ocean platform and the tilted ice-breaking
edges in front of inclined piers. In these cases, the
destruction of ice flows exhibits brittle characteristics,
prone to breaking and bending (Gurtner et al., 2009).

Because buckling failure is difficult to simulate, the
bending failure form is not suitable for vertical cylindrical
piers without ice-breaking prisms. Therefore, only the first
two forms of destruction are simulated. Additionally, the
disappearance of the failure unit may also cause a partial
gap in the results.

3.2 Analysis of Ice Shock Vibration Response Under
Fluid-Solid Coupling

Impact damage typically exhibits only 1 to 3 peak
forces at the beginning of the impact. Hence, the
simulation focuses on setting the initial speed in the
impact direction without applying a driving force. In
contrast, crush damage is a continuous process. To
simulate the pushing of water and the rear ice flow during
the extrusion process, uniform displacement can be
applied to the back section of the ice flow, and the analysis
time is set to 0.5 seconds. According to the simulation
results, in the first stage, there is impact damage to the pier
caused by the initial ice impact. Subsequently, the
remaining ice is subjected to the water effect, continuing
to squeeze the piers. During this process, central cracks
form in the ice, and subsequent contact causes these cracks
to propagate, forming a complete crack. In the second
stage, the ice force peaks, and the dominant form of
destruction emerges. Finally, in the third stage, the ice
body is crushed and disintegrates, leaving the bridge pier,
and ultimately, the ice force is completely unloaded. This
paper specifically focuses on the ice shock vibration
response of the pier body. The analysis involves
examining the ice force-time curve of the pier body and
the displacement-time curve of the upper part of the pier

body. Considering real-world conditions, the ice flow rate
is generally maintained within a range of 0.1 m/s to 2.5
m/s. The flow rate of the ice body is typically consistent
with that of the water body by default. The average
thickness of the ice body is set to 0.5 m.

As an example, when the speed is 0.5 m/s, the time
course curve of the moving ice force is depicted in Fig. 6
below:

Analysis of causes

Based on the observation graph analysis, the process
following the collision can be clearly defined. Initially, the
ice body collides with the piers, resulting in a rapid peak
in the ice force, usually accompanied by impact damage.
Subsequently, cracks inside the ice body lead to a sharp
decrease in the ice force. Then, with the current, the
remaining ice bodies exert an extrusion effect on the piers.
From the graphical observations, we observe that the
dynamic ice load exhibits a typical "zigzag" feature over
time, characterized by multiple smaller peaks between two
significant ice force peaks. This pattern indicates that the
destruction of ice bodies primarily takes the form of
extrusion. This serrated response is evident throughout the
ice force time curve, except during the initial phase, which
does not cause crushing destruction of the ice body. When
the cracks inside the ice body extend sufficiently, the ice
force fails, and then the ice force acting on the bridge pier
decreases sharply. It also happens that when the ice sheet
hits the bridge pier, the ice speed slows down. Without
failure, the ice force required for ice sheet destruction
increases, causing it to be unbreakable and accumulate
around the bridge pier, which then causes a subsequent ice
force squeeze effect.

For the displacement curve of the pier, the ice-facing
element at the top of the pier is selected by observing its
displacement curve in the flow direction. When the flow
direction is positive, the displacement time history curve
of the pier top ice surface unit 7532 is shown in the
following figure:

Analysis of causes

According to the image analysis, the interaction
between the pier and the surrounding water body is clearly
observable. When the ice force reaches its maximum, the
pier does not quickly achieve maximum displacement but
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experiences a subsequent squeezing effect. Especially
when the flow direction is downward, the peak
displacement of the ice-induced vibration response
reaches 1.027 x 10 m, while it is only 0.8115 x 10 m in
the reverse flow direction. Additionally, a single vibration
period in the countercurrent direction shows a smaller
amplitude and a shorter period, clearly reflected in the
vibration between 0.202 s and 0.218 s in the figure.
Regarding the basic amplitude, in the case of fluid
influence, compared to the frequency without fluid
influence, the average vibration period is significantly
increased by 0.895 s and 31.3%. In terms of peak value, it
increased by an average of 7.9%. These observations
demonstrate that the action of water significantly affects
the response of ice-induced vibration. Therefore, it is
necessary to consider the fluid in the river, which will
further explain the interaction mechanism between the
river ice and the pier, contributing to a more
comprehensive understanding of the relationship between
the complex natural environment and the engineering
structure.

The failure length of ice is about 0.1 to 0.5 times the
ice thickness, with the average value being one-third of the
ice thickness. There is no obvious relationship between
failure length and the width-thickness ratio or the velocity-
ice thickness ratio. The failure length of ice can be defined
as:

Al = ch

where h denotes the thickness of the ice body and ¢
is the characteristic coefficient, generally ranging from 0.1
to 0.5, related to the characteristics of the structure and the
scale effect. From the image, it is also observed that the
ice force does not instantly drop to zero during the
unloading phase, whereas there is a process. According to
the failure length of ice, the characteristic frequency of the
ice body can be obtained.

Y

4

fi

Before the actual structure, the failure length of ice
under extrusion exhibits significant variability, so the ice
force lacks clear periodicity. However, it usually conforms
to a statistical law, meaning that the distribution within a
certain frequency band exhibits specific regularity. The

0.2

0.3 0.4

[34]

time(s)
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. 7 Displacement time history curve (v=0.5 m/s, h=0.5 m)

buckling and bending failures of ice show strong
regularity, and the failure length from these types of
failure is much longer than that from extrusion. Analysis
of the formula reveals that when there is fluid influence,
the velocity range of the ice body decreases, resulting in a
characteristic frequency range that is slightly narrower
than that of an ice body without fluid influence. This
observation is consistent with the phenomenon observed
in the figure.

In theoretical terms, the forced vibration theory can
explain the observed phenomena, even under the influence
of fluid. This theory elucidates the forced vibration
characteristics of the bridge pier structure during
intermittent ice breaking and the brittleness-ductility
transition characteristics of the ice body at lower
velocities. It is also consistent with brittle failure at higher
speeds, resulting in continuous forced vibration caused by
ice fragmentation. The results demonstrate that forced
vibration theory effectively explains the vibration
response of the river pier structure. These phenomena do
not align completely with the theory of self-excited
vibration, especially after the sudden velocity decrease in
the first shock, where there is no clear frequency
consistency. However, this may also be due to the short
simulation time, the lack of obvious characteristics, and
the fact that self-excited vibration requires a very narrow
velocity range to trigger. Therefore, self-excited vibration
still presents some limitations and warrants further
exploration in a long-term theoretical dimension.

3.3 Analysis of Influencing Factors

In this paper, a speed range of 0-2 m/s with a fixed
thickness is selected to simulate the peak of the moving
ice force. The obtained data are shown in Figure 8 below:

Analysis of causes

According to the simulation results in this figure, as
the speed of the ice body increases, its influence on the
maximum ice force gradually diminishes. The data
indicate that once the ice body speed reaches a certain
level, the maximum ice force stabilizes at about 300 kN.
This suggests that the main reason for the increase in peak
impact force exerted by the ice body on the piers at lower
velocities. However, once the speed reaches a specific
critical value, the factors determining the peak size of the
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impact force are no longer predominantly influenced by
speed but are governed by the strength properties of the
ice body. Considering the toughness and brittle transition
characteristics of the ice body, as the speed increases, the
main form of ice destruction will gradually shift from
toughness extrusion failure to brittle shock destruction.
This damage process occurs primarily when the ice bodies
contact the piers. It should be emphasized that in the
numerical simulations, the ice body size selected in this
paper is relatively small. In practical scenarios, when the
scale of the ice body is large, its extruded ice force may be
comparable to or even exceed the high-speed impact ice
force. This result underscores the importance of
considering both the size and velocity of the ice body in
understanding the ice shock vibration response. The
toughness and brittle transition properties of ice bodies,
along with the behavioral differences in different sizes,
significantly impact the vibration response. This facilitates
a deeper understanding of the complexity of ice shock
vibration phenomena and provides valuable insights for
the design of related engineering structures. This
observation also emphasizes the importance of
comprehensively considering ice body properties and

velocity factors in ice shock vibration research and
engineering practice.

This paper selects 0.3 m/s, 0.5 m/s, 1 m/s, and 1.5 m/s
four speeds to calculate the time course curve of the pier
unit 7532 at the top of the ice surface, shown in Fig. 9
below.

Analysis of causes

Based on graphical observations, it can be
determined that the displacement increase of the ice force
within the velocity range of 1 m/s to 1.5 m/s is not
significant. This observation aligns with the relationship
between velocity and peak ice force. Conversely, at higher
speeds, the considerable loading rate leads to the brittle
failure of the ice material itself. This results in the
continuous extrusion destruction of the ice row, and the
zigzag extrusion ice force is less intermittent compared to
the 0.3 m/s speed. The data reveals that the frequency of
ice shock vibration response for faster ice bodies is higher,
typically accounting for less than 15.7% of the cycle at the
0.3 m/s speed.

When the ice sheet causes extrusion before the
occurrence of the vertical hydraulic structure, a semi-oval
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damage area is formed at the front end of the ice plate, and
the extrusion is the process from damage accumulation to
damage. Because the mechanical properties such as
toughness, brittleness, and ultimate strength of ice are
strain rate-sensitive, the difference in ice velocity in front
of a flexible structure will lead to a change in the action
form. For the simulation process at four velocities,
throughout the continuous process of collision and
extrusion, it can be assumed that there is a three-
dimensional strain field inside:

e=¢e(x,y,2)

Throughout this process, the strain field is a function
of time and changes over time. The strain rate field in the
stress region can be obtained by deriving the above
equation:

E=£(x,y,2)

In the assumption of the strain field, x, y, z represent
the coordinates in the water flow direction, transverse
direction, and longitudinal direction respectively, with the
extrusion direction x being the most significant. By
simplifying the analysis, the stress zone can be regarded
as a uniform one-dimensional elastic body, and the length
of the force zone in the x-direction is defined as the length
of the force zone. Then, the nominal strain rate of the force
zone is:

Ur
Ly

Where v, denotes the relative velocity between the
ice sheet and the pier.

&=

In front of the pier, the ice sheet's strain rate changes
from low to high, and the extrusion is characterized by
creep, quasi-static action, steady-state action, and random
action. These correspond to the phenomena of creep,
ductile failure, ductile-brittle transition failure, and
continuous brittle failure of the ice body. This is consistent
with the corresponding velocity in the image, and the
failure mode also corresponds to the vibration pattern.
However, after the collision, the velocity is lost, so the

vibration patterns after the peak are also similar to each
other.

The higher loading rates and speeds contribute to
more frequent and intense ice shock vibration responses,
indicating distinct dynamic behavior in the ice body under
various impact conditions. Considering the width of the
pier, another crucial factor influencing the ice body's
impact is its thickness. In practical situations, the
thickness of cold river ice bodies generally ranges from
0.1 mto 1 m. If the ice is too thin, its influence on the pier
body will be exceedingly weak, making it irrelevant for
study purposes. There is a relationship between peak ice
force and thickness, as illustrated in Fig. 10.

Analysis of causes

The images illustrate a positive correlation between
the thickness of the ice body and the peak ice force. This
correlation can be attributed to two primary factors. First,
the mass and momentum of the ice body increase with its
thickness. When such an ice body collides with a structure,
it transmits more kinetic energy, resulting in a higher peak
ice force. Secondly, a thicker ice body possesses greater
overall strength, making it more resilient to external
impacts during collisions. Consequently, thicker ice
bodies are less likely to break at the contact point, which
contributes to a greater peak ice force.

In summary, the ice body's thickness significantly
influences the peak ice force by affecting both the transfer
of kinetic energy and the ice's structural integrity,
enhancing its resistance to damage. Thus, there exists a
proportional relationship between the thickness of an ice
body and its peak ice force.

The results for ice thicknesses of 0.3 m, 0.5 m, and 1
m are depicted in Fig. 11:

Analysis of causes

The image illustrates that the impact force from an
ice sheet with a thickness of 0.3 m is limited, and the ice
breaks quickly, resulting in a weak vibration effect on the
pier. However, when the thickness increases to 1 meter,
the ice sheet's strength also increases, leading to a stronger
impact force on the pier. Despite this increased strength,
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the degree of fragmentation is smaller, causing the ice-
induced vibration effect on the pier to exhibit a peak value,
albeit at a lower initial frequency. Due to the heightened
strength of the ice body at a thickness of 1 meter, the
cracks formed after the initial impact have a lesser effect
on the overall integrity of the ice body. This increased
strength also raises the difficulty of extrusion and
crushing, leading to a prolonged vibration effect period.
Conversely, the ice body with a thickness of 0.3 m breaks
quickly, with the extrusion crushing force becoming
predominant. The analysis of the mechanism reveals that
the increased strength of the ice body impacts the loading
rate and greatly enhances the compressive strength.
Therefore, under a specific ice speed, the vibration
frequency at a thickness of 1 meter is significantly lower
than at 0.5 m, though the ice extrusion force becomes
dominant later. Data analysis indicates that the vibration
period for a thickness of 1 meter is 17% longer than that
for 0.5 m, while the periods for 0.5 m and 0.3 m are more
comparable.

It is hypothesized that the thickness of the ice body
determines its strength, which in turn affects the form of
failure and results in changes in ice-induced vibration. The
figure shows that the sawtooth pattern is noticeably less
pronounced in thicker ice, making it more difficult for
destruction from the extrusion ice force to occur. In
summary, the thickness of the ice sheet determines its
overall strength and the mass energy of the impact, both
of which significantly influence the response strength of
the ice-induced vibrations.

This relationship is also supported by the empirical
formula for ice force found in the "Code for Design of
Railway Bridges and Culverts," which is part of the
Chinese Bridge Design Code.

Fi = mCibtRL-k

Where F; and Ry, are the standard values of ice
pressure and compressive strength. m , C; are shape
coefficient, ice temperature coefficient. b, t are facing the
ice width, ice thickness. When there is a lack of measured
data, R;, is advisable to take 750kN/m?2, which can be
obtained at this time.
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F, = mC;btRy, = 0.9 x 1.1 X 0.3 X 2.5 X 750
= 556.875kN

In the figure above, the ice force for a thickness of
0.5 m is only 176.8 kN, which is 31.7% of the result
calculated by the formula. Similarly, for a thickness of 1
meter, it is 29.4% of the calculated result. It can be inferred
that the results are roughly proportional. This indicates
that although the strength of the ice body is lower than 750
kN/m?, the thickness of the ice body does indeed enhance
its compressive strength.

On the other hand, thickness also influences the ice
body's tendency to break. The uneven distribution of the
ice sheet, both in thickness and along the pier width,
contributes to the randomness of the ice force. Due to the
non-simultaneous failure during extrusion, the ice force
value is much lower than that in "full contact™ scenarios.
Additionally, irregular and continuous brittle failure
occurs on the ice face of the structure, with the timing and
scale of breaking exhibiting significant variability. This
results in strong randomness in the loading and unloading
of ice pressure.

However, this paper has not established a
quantitative relationship between these two influencing
factors on ice-induced vibration response, which warrants
further investigation.

4. Conclusion

In this paper, employing the LS-DYNA's S-ALE
method, we analyzed the ice-induced vibration response
of a river under fluid-solid coupling and identified two
main factors influencing the response through numerical
simulation. The following conclusions were drawn:

1. A simplified numerical simulation method for
analyzing ice-induced vibration in rivers is introduced,
considering the coupling of fluid dynamics and impact
models. By comparing the S-ALE method with the
traditional ALE method, it is observed that the
computation time of the new method is reduced by 25.1%,
and the memory usage is decreased by 22.97%. These
findings highlight the significant advantages and potential
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applications of the S-ALE method in complex fluid-solid
coupling scenarios.

2. The flow velocity of the river significantly affects
the response of ice-induced vibration. The duration of the
ice-induced vibration caused by fluid dynamics is
increased by about 30%, and the peak value is reduced by
about 8%. Therefore, it is crucial to consider the influence
of fluid dynamics on ice-induced vibration in rivers.

3. Regarding the applicability of vibration theory, the
forced vibration theory can explain the observed
phenomena, even under fluid action. This theory
elucidates the vibration characteristics of bridge pier
structures affected by water flow during intermittent ice
breaking. The results confirm the broad applicability of
forced vibration theory under conditions of ice-induced
vibration in rivers.

4. Concerning the factors affecting ice-induced
vibration: ice speed and ice thickness are the main
determinants. Ice speed influences the initial peak ice
force of impact, while ice thickness determines the
strength and failure characteristics of the ice. Although
higher speed has a minimal impact on the vibration
response, it increases the frequency of pier vibrations.
There is a non-linear relationship between ice thickness
and ice force; lower thicknesses show a similar effect,
whereas greater thickness significantly amplifies the
vibration effect.
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