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DESIGN AND SIMULATION ANALYSIS OF BRIDGE ANTI-COLLISION STRUCTURE
BASED ON NONLINEAR NUMERICAL SIMULATION

RUIFANG CHEN*AND YANXIN ZHANGT

Abstract. In order to solve the dynamic nonlinear problem of bridge loads and responses during ship collisions, a design
method for bridge anti-collision structures based on nonlinear numerical simulation was proposed. The author describes in detail
the entire process of collision force evolution, energy conversion, and plastic deformation of the anti-collision energy dissipator,
and conducts a comprehensive simulation of it. The experimental results show that when a ship with a mass of 1000 tons collides
forward at speeds of 1, 3, and 5 meters per second, the collision depth is 0.23, 1.46, and 3.95 meters, respectively, less than the
maximum allowable collision depth of 4.3 meters, and the collision energy dissipator is still in the protective working state for the
bridge pier. When a ship with a mass of 3000 tons collides with the collision avoidance energy dissipator at a speed of 3 or 5 meters
per second, the collision depth exceeds the maximum allowable collision depth, and the collision avoidance energy dissipator fails,
the ship will directly collide with the wharf. The plastic deformation of the anti-collision energy dissipator provided has important
reference value for design.

Key words: Ship-bridge collision, Nonlinear finite element, Anti-collision energy dissipator, Plastic deformation

1. Introduction. In recent years, with the rapid development of China’s national economy, a large number
of bridges across major rivers and seas are being planned, constructed or put into use. The piers of these large
bridges may be accidentally hit by ships of tens of thousands of tons. The impact load is one of the important
control data for bridge design. At present, there are quite a number of empirical formulas that can be used
to estimate the collision force of a certain tonnage ship against the pier, but their parameters are simple and
cannot describe the details of the bow structure. Unlike other engineering structural problems, the ship-bridge
collision force can hardly be obtained through the scale model test, because the dynamic plastic deformation
of the bow structure occurs during the collision, and the similarity law cannot be established for this strong
nonlinear mechanical process at present. Therefore, using modern nonlinear finite element technology and
software, through the numerical simulation of the collision process, is the best and most accurate method to
obtain the ship-bridge collision load at present [1,2].

Ship-bridge collision is a different process involving non-uniformity, geometric nonlinearity, contact non-
linearity and other phenomena, so it is difficult to conduct theoretical research on it. However, the cost of
comprehensive research is very high, and research conclusions are limited by experimental technology; It is
difficult to accommodate many nonlinear factors in a measurement system. Existing research on ship-bridge
collisions is mainly based on experimental methods, focusing on the effects of ship-bridge collision forces, flow
process corrections, and basic structures of collision structures.

With the rapid development of water transportation in China, the number of newly-built bridges has
gradually increased, but the ship-bridge collision accidents have also become more frequent, resulting in major
losses such as bridge damage and collapse, channel obstruction, threat to people’s lives and property, and
environmental pollution. Therefore, the study of ship collision force of bridges is particularly important [3,4],
as shown in Figure 1.1.

2. Literature review. The existing research shows that when the bow collides with the pier of a large
bridge, the pier stiffness is far greater than the structural stiffness of the bow. The main aspect of damage is
the bow. The collision force and its time history are mainly determined by the collapse strength of the bow
structure. When the bow strikes the plane part of a large pier, the pier can be simplified as a rigid plane wall.
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Fig. 1.1: Bridge anti-collision structure of nonlinear numerical simulation

Based on this, we can calculate the collision force of bow and rigid wall of various tonnage ships in advance,
which is very close to the collision force of real ship and real bridge, for reference of bridge design. However,
for different ships of the same tonnage, the rigidity of the bow structure is not the same, so the collision force
of the ship bridge is also different, but generally in a close range [5,6].

Minorsky theory, Hans Drucher theory and simplified analytical method are the basis of commonly used
methods for analyzing ship-bridge collision problems nowadays, but the above theories are based on quasi-static
simulation analysis of collision. However, ship-bridge collision is a complex nonlinear dynamic response process
of bridge structure and hull structure under huge impact load in a short time. It has very obvious dynamic
characteristics, and the components in the collision zone generally need to quickly surpass the elastic stage
and enter the plastic stage, and may have various forms of damage such as tearing and buckling, so it is not
accurate to analyze the ship-bridge collision with the existing ship-bridge collision theory [7].

With the increasing progress and maturity of nonlinear finite element technology, it is widely used in the
numerical simulation of structural impact, making the finite element numerical simulation technology can better
solve the ship-bridge collision problem. Based on the basic theory and key technology of collision simulation, this
paper numerically simulates the forward collision process of a ship’s anti-collision energy dissipator on the main
bridge pier of a bridge. We also describe and analyze the collision force evolution, collision energy conversion
and collision avoidance capability (i.e. maximum absorbed energy) of collision energy dissipator during the
collision process, and study the inherent regularity of collision phenomenon. It shows the advantages and
prospects of the application of collision numerical simulation analysis.

3. Methods.

3.1. Nonlinear finite element control equation. The equation of motion of the ship-bridge collision
problem can be generally expressed as

[M{d} + [CH{d} + [K]{d} = {F**} (3.1)

where [M] is the bridge mass matrix; [C] is the damping matrix; [K] is the stiffness matrix; {d} is the acceleration
vector; {d} is the velocity vector; {d} is the displacement vector; {F**} is the external force vector. The
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collision force is output in the form of contact force by defining the ship/collision avoidance system as the
contact surface[8,9].

The explicit direct time domain integration method is suitable for the transient dynamic problems formed
after the finite element discretization. By automatically controlling the time step, we can obtain a stable
solution and ensure the accuracy of time integration. In practice, the minimum time step is defined by dividing
the characteristic length of the minimum finite element mesh by the stress wave velocity:

At < Ater = min(L°/C) (3.2)

3.2. Contact algorithm in collision. Collision-style (or composite) interaction is performed by the
contact algorithm. A master-slave contact surface is defined between two contacting surfaces. Check if the
slave has access to the main interface at any point in the resolve. Otherwise, the calculation will continue;
Otherwise, a shearing force is applied to the base face to prevent the slave from further penetrating, and this
force is the contact force [10].

The calculation in this paper is completed with the help of the powerful nonlinear finite element software
LS-DYNA.

3.3. Project overview of collision simulation calculation model between ship and anti-collision
energy dissipator. A bridge is a PC continuous rigid frame bridge. The main pier is a double-thin-walled
pier. The size of the foundation cap is 18.6mx12.6mx5m. The design requires navigation of ships with a full
load of 1000t. The main pier of the bridge is equipped with anti-collision energy dissipator in the form of
angle steel supporting steel pipe frame. The material is Q235 steel, the diameter of steel pipe is 800 mm, the
thickness is 10 mm, the model of support angle steel is 100 mm x 100 mm x 10 mm, and the thickness of node
steel plate is 10 mm except for 1 6, which is 20 mm [11].

3.4. Strain rate sensitivity analysis of materials. At the same time, most of the anti-collision bridges
are made of low carbon. The plastic material of the steel material is sensitive to the filter value, and its strength
increases with the filter value. Therefore, the effect of different costs of intervention should be included in the
model used to determine the difference in the problem. Among the constitutive equations that understand the
components, the Cowper-Symonds constitutive equation is the most widely accepted.

ohjog =1+ (¢'/D)*/1 (3.3)

where oy, is the dynamic yield stress at plastic strain rate &’; o is the corresponding static yield stress; D and
q are the strain rate parameters of the material. For mild steel, D=40.4, q=5.

For the steel used for anti-collision device, the contribution of isotropic strengthening and follow-up strength-
ening to the material needs to be included in the strengthening parameter 5. 5 = 0 for follow-up strengthening
and f = 1 for isotropic strengthening. Therefore, the improved Cowper-Symonds constitutive equation is
adopted for the anti-collision device in the analysis of ship collision bridge problems

oy = [L+ (¢'/D)" (00 + BEyes!T) (3.4)

where F), is the plastic strengthening modulus; Ef)f f is the effective plastic strain.

3.5. Establishment of finite element model for numerical simulation analysis. The collision
process of ships and bridge structures is highly dependent on environmental conditions (wind, waves, weather,
water, etc.) and ship characteristics (ship type, size, speed, load, bow force, stiffness). is complicated., hull
and deck house, etc.), bridge characteristics (size, shape, material, quality, bridge characteristics, etc.) and
steering response time. Due to the complexity of the ship-bridge collision process, it needs to be simplified
in numerical simulation analysis. In the study of ship bridge collisions, the ship’s rotational forces and the
relationship between the ship’s bridge and the bridge structure are important [12,13,14].

The key to study the anti-collision energy dissipation effect of the anti-collision energy dissipator of bridge
structure is to obtain the impact force between ships and bridges and the energy absorption of the anti-collision
energy dissipator during the impact process. Therefore, the finite element model of the anti-collision energy
dissipator is only established when studying the anti-collision energy dissipator. Since the dynamic response of
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the upper and lower structures of the bridge has little impact on the energy transfer and absorption, it can be
ignored [15].

The water medium around the hull moves with the hull and participates in the absorption of collision
energy. Since the hull is mainly rigidly displaced longitudinally in the collision when the ship collides with the
anti-collision structure, the impact of the water medium around it is relatively small. The impact of water can
be fairly accurately expressed by using an additional water mass 0.04 times the total mass of the hull.

In the study of collision between ships and anti-collision structures, it is very important to establish an
effective finite element model in numerical simulation. When establishing the finite element model of anti-
collision structure, because the joint steel plates between angle steel and angle steel and between angle steel
and steel pipe are relatively rigid, rigid joints are used in the finite element model, and fixed bearings are used at
the connection of angle steel support and foundation bearing platform; Since the deformation energy absorption
capacity of anti-collision energy dissipator is mainly studied during the collision process, it is reasonable to use
beam element to simulate steel pipe and angle steel support in DY-NA program. The section of steel pipe beam
element and angle steel beam element are hollow steel pipe section and angle steel section respectively, and the
finite element model of anti-collision energy dissipator.

When a ship collides with an anti-collision structure, the energy in the collision process mainly comes from
the rotational forces of the ship. After the collision, the anti-collision force will absorb most of the energy, and
the body will undergo some deformation to absorb some of the energy. In finite element modeling of the ship,
shell material (THIN SHELL163 element) is used for the contact between the ship collision and the damage of
the anti-collision structure to simulate the deformation of the ship during the collision. e.g. bow), stabilizers
are used to change the accuracy of the ship (including additional water) and to ensure that the ship’s torque
during collisions is consistent with the truth. Deformation of the ship affects only the deformation of the hull
falling on the bow [16].

Based on the above discussion, the LS-DYNA nonlinear finite element program is used to establish the
finite element model of the anti-collision energy dissipator and the ship of a bridge, and the forward collision
process between the ship and the anti-collision energy dissipator is numerically simulated, and the dynamic
performance of the anti-collision energy dissipator during the collision process is studied. In the numerical
simulation analysis, the beam element (BEAM161) is used to simulate the anti-collision structure. The ship
uses two types of shell element (SHELL163) and solid element (SOL-ID164). In the whole finite element model,
there are 16240 beam elements, 25000 shell elements and 500 solid elements.

For marine low-carbon steel and anti-collision structural low-carbon steel, the material has entered the
nonlinear stage during the collision. The bilinear strengthening elastoplastic constitutive relation is adopted for
low-carbon steel materials, and the improved Cowper-Symonds constitutive equation is adopted for material
properties. In the material, only the contribution of follow-up strengthening to low carbon steel is considered.
The values of parameters in the calculation model are as follows: material density p = 7.85 x 103kg/m?3, elastic
modulus E = 2.1 x 1011 N/m?, hardening modulus Ej, = 1.18 x 10°N/m?, yield stress og = 2.35 x 108N/m?,
Poisson’s ratio v = 0.3, strain rate parameter D=40.4, strain rate parameter q=5, hardening parameter 5 = 0,
maximum failure and other effects € fqiiure = 0.34.

4. Results and discussion.

4.1. Collision force analysis between ship and anti-collision structure. The collision force between
the ship and the anti-collision structure refers to the interaction force (i.e. the contact force between the two)
when they collide. The size of the collision force represents the degree of damage of the ship to the anti-collision
structure.

Figure 4.1 shows the time-history curve of the collision force between the ship and the anti-collision structure
during the forward collision of a 1000t ship with the anti-collision energy dissipator at a speed of 3 m/s. It
can be seen from the figure that the impact force curve has nonlinear wave characteristics. At different stages
of the collision process, the collision force jumps to different degrees. Each jump increase of the collision
force indicates that the propagation of the stress wave makes some components in the anti-collision structure
effectively participate in the anti-collision work; The jump reduction of each collision force indicates the failure
or failure of some components. In this example, the drop of impact force is mainly caused by the dynamic
buckling of some angle steel supporting frame structures [17,18].
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Fig. 4.1: Time history curve of impact force

In Figure 4.1, Fipq0p = 6.49M N represents the maximum collision force in the collision process, and repre-
sents the average collision force in the collision process. It can be seen from the figure that at the beginning, the
collision force gradually increases with the increase of time (that is, the increase of impact depth). When the
maximum collision force occurs, the collision force curve starts to slide (that is, the last section of the collision
force curve). This is due to the rebound of the ship after the collision with the anti-collision structure. The
above calculation results are basically consistent with the existing research results.

Table 4.1 lists collisions between 1000t and 3000t ships in head-on collisions with anti-collision energy
dissipators at speeds of 1, 3, and 5 m/s. During a collision, the maximum force of the collision is very large, but
the duration is short, so the damage to the structure is very small. Therefore, the collision damage of ships and
anti-collision energy emitters of bridge structures are mainly determined by the size of the middle part of the
collision force of the connection, that is, the greater the average collision force during the collision, the greater
the energy emitter from the collision damage to prevent the collision. As the table shows, the force of the
boat increases at the beginning of the turn, and the average collision force also increases. It can be concluded
that the greater the ship’s turning force, the greater the average collision force and the greater the effect of
the collision force dissipator. From the ratio of the average collision force to the maximum collision force, it
is not difficult to see that the average collision force is about half of the maximum collision force, which is
consistent with the conclusion that the maximum collision force is twice the average. The force of the collision
as demonstrated by the results of the Warsing experiment [19].

4.2. Energy conversion during collision. During the collision, the initial collision kinetic energy of the
ship (including the kinetic energy provided by the additional water mass) will be converted into the following
energy: the elastic-plastic deformation energy and the residual kinetic energy of the collision ship; Elastoplastic
deformation energy and kinetic energy of anti-collision structure; Thermal damage caused by friction between
components. In addition, the volume element and shell element in DY-NA program have only one integral point
(located at the centroid of the element). Some deformation modes of the element do not have stiffness, resulting
in the hourglass phenomenon and causing certain energy loss. The energy loss caused by the hourglass can
be controlled to a small amount by adding viscous damping coefficient and reasonably dividing the grid. The
calculation results show that the energy loss caused by friction is very small in the above energy. Therefore,
the initial kinetic energy of the ship is mainly converted into the deformation energy and kinetic energy of the
anti-collision structure, and the deformation energy and residual kinetic energy of the collision ship.

Figure 4.2 shows the energy conversion and energy time history curves for collision avoidance, and the
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Table 4.1: Comparison of collision forces when ships with different initial kinetic energy collide with anti-collision
energy dissipators in the forward direction

Initial Collision initial Maximum Average collision 7= F,,/
Ship mass/t velocity of Kinetic impact force force Fraz/%
collision/(m/s) energy/MJ (Fmaz)/MN (Fm)/MN
1 0.5 3.23 1.82 56.3
1000 3 4.5 6.49 4.02 61.9
5 12.5 8.35 5.02 60.1
1 1.5 4.54 2.43 53.5
3000 3 13.5 9.67 5.90 61.0
5 37.5 11.35 6.53 57.5

Energy per MJ
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Fig. 4.2: Energy time-history curve

electrical energy of a 1000-ton ship when the next ship collides with a speed of 3 m/s. Line A represents
the total energy of the entire system, while lines B and C represent the rotational energy and deformation
energy of the entire system (rotational energy and deformation energy of the entire system, including the
collision avoidance installation and the ship). As you can see from the figure, the bending force of the whole
system (line B) is gradually decreasing, while the deformation energy of the whole system (line C) is gradually
increasing, so yes, the rotational energy of the system is changing. the deformation energy of the system, but
the total energy of the whole system (line A) remains unchanged (line A is horizontal), - this only shows that
the transformation of energy in the collision process is consistent with the law of conservation of energy.

4.3. Damage and deformation analysis of anti-collision energy dissipator. Under the impact of
ships with different initial kinetic energy, the size of the plastic deformation of the anti-collision energy dissipator
of the pier is different. When its plastic deformation is greater than the safe design distance (i.e. the maximum
allowable impact depth), the anti-collision energy dissipator will fail and the ship will directly impact the pier.
Therefore, in the numerical simulation analysis, it is specified that when the ship directly collides and contacts
the pier surface, the anti-collision energy dissipator will exit the protective working state. The maximum
allowable impact depth of anti-collision energy dissipator is 4.3m[20].

Table 4.2 lists the deformation energy and impact depth of 1000t and 3000t ships when they collide with
the anti-collision energy dissipator at the speed of 1, 3 and 5 m/s. It can be seen from the table that when the
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Table 4.2: Deformation energy and impact depth of anti-collision energy dissipator under forward collision of
ships with different initial kinetic energy

Initial Initial Kinetic Deformation Whether
Ship  velocity kinetic energy  energy at energy of anti-  Impact the anti-
mass  of colli- of colli- the end of -collision energy  depth  -collision energy
/t -sion -sion collision dissipator /m dissipator
/(m/s) /MJ /MJ /MJ fails
1 0.5 0.12 0.30 0.23 No
1000 3 4.5 0.78 3.49 1.46 No
5 12.5 0.71 11.45 3.95 No
1 1.5 0.33 1.05 0.72 No
3000 3 13.5 0.37 12.77 4.30 Yes
5 37.5 24.10 13.03 4.30 Yes

ship collides with the anti-collision energy dissipator, most of the dissipated kinetic energy is converted into
the deformation energy of the anti-collision energy dissipator (that is, absorbed by the anti-collision structure).
As the initial kinetic energy of the ship increases, the impact depth of the anti-collision energy dissipator also
increases. When a ship with a mass of 1000 tons collides with the anti-collision energy dissipator in the forward
direction at the speed of 1, 3 and 5 m/s, the impact depth is 0.23, 1.46 and 3.95 m respectively, which are
less than the maximum allowable impact depth of 4.3 m, and the anti-collision energy dissipator is still in the
protective working state for the pier.

When a ship with a mass of 3000t collides with the anti-collision energy dissipator in the forward direction
at a speed of 3 or bm/s, the impact depth exceeds the maximum allowable impact depth, the anti-collision
energy dissipator has failed, and the ship will directly hit the pier. It is not difficult to find from the table that
the anti-collision capacity (i.e. the maximum absorbed energy) of the anti-collision energy dissipator is only
related to its own structure and material properties, but not to the initial kinetic energy of the collision ship.

5. Conclusion. This paper presents the design and simulation analysis of bridge anti-collision structure
based on nonlinear numerical simulation. This method uses explicit transient nonlinear finite element analy-
sis technology to successfully simulate the collision process of ship and bridge structure anti-collision energy
dissipator. The results of numerical simulation analysis can reflect the general phenomena and basic laws
in the collision process, and can more accurately reproduce the dynamic process inside the structure. The
simulation analysis results can also simulate and reproduce the whole time course of collision force evolution,
energy conversion and plastic deformation of anti-collision structure in the process of collision between ships
and anti-collision energy dissipators.
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