Chapter 8
Dynamic Analysis of Train-Bridge System
Subjected to Collision Loads

In this chapter, the characteristics of various collision loads on bridge are sum-
marized. A dynamic analysis model is established for a coupled high-speed train
and bridge system subjected to collision loads. A HSR double-track continuous
bridge with (32+48+32) m PC box-girders is considered as an illustrative case
study. The dynamic responses of the bridge and the running safety indices of the
train on the bridge under three types of collision loads are analyzed. The results
show large responses of the bridge induced by collision strongly threaten the
running safety of trains. An assessment procedure is proposed for the running safety
of high-speed trains on bridges subjected to collision loads, and related threshold
curves for train speed versus collision intensity are proposed.

8.1 Collision Loads

When a collision load acts on a bridge pier, it may cause dislocation of bearings and
girders, uneven deformation or fracture of expansion joints, and even collapse of
girders, resulting in serious accidents, as studied by many researchers (Wuttrich
et al. 2001; Larry and Olson 2005; Manuel et al. 2006; Xia et al. 2011; Sharma et al.
2012). For railway bridges, however, even if there is no collapse of girders, the
vibrations and displacements induced by collision may deform the track and make it
unstable, which may further threaten the running safety of the train on the bridge.
When the collision is intense and the train speed is high, the running safety of the
train may be seriously affected, and in the most serious case, the train may even
derail from the track (Laigaard et al. 1996; Xuan and Zhang 2001; Xia et al. 2012a,
b, 2013, 2014, 2015, 2016). As an important part of risk assessment on bridge
operation safety, therefore, it is necessary to study the running safety of trains on
the bridge subjected to vessel collisions.

Collision is a common physical phenomenon, which is formed by the fast
intertouch between two moving objects. The kinetic energy of moving objects is
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converted into deformation energy during the collision, which is a complex
dynamic process. The interacting forces (i.e. the collision loads) formed during the
collision process are influenced by many factors, including the mass and velocity of
the moving object, the contact area, location and angle of collision, the deformation
stiffness of the colliding object itself and the collided structure, and the boundary
conditions.

Up to now, a lot of researches have been done toward the collision mechanism
between colliding objects and collided bridge structures, based on which some
practical design methods for bridge collisions have been proposed, and several
related design codes are issued. However, most of the bridge codes adopt the
equivalent static analysis method based on simplified static loads, in which the
dynamic effects caused by the collision are usually taken into account by various
impact coefficients, thus existing a risk of underestimate on the dynamic require-
ment of the bridge.

In order to study train-bridge coupling vibration and running safety of the train
on the bridge subjected to collision loads, it is infeasible to simply use the equiv-
alent static method prescribed in the design codes. However, due to the complexity
of the problem, it is very difficult to simultaneously consider the coupling mech-
anism between the colliding object and the collided bridge structure. An applicable
method is to use the time history of collision load as an input of the train-bridge
system model to perform the analysis. In this section, some design specifications for
bridge collision in Chinese and several foreign codes are introduced, some typical
vessel, vehicle and ice-floe collision loads obtained by experiments and FE analysis
are concluded, and the characteristics of various collision loads are summarized,
which are used to determine the calculation method and to select the intense range
of collision loads for the dynamic analysis model of train-bridge system subjected
to collision loads in the following sections.

8.1.1 Collision by Vessels

The collision process between a vessel and a bridge structure is very complex,
which is related to various factors, such as the circumstances during the collision
(storm, climate and flow, and so on), the characteristics of the vessel (the type; size;
velocity; loading status of the vessel; and the strength and stiffness of the bow, hull,
and deck room), the structural characteristics (geometry, material strength, mass,
damping, and stiffness) of the bridge, and the response time of the vessel pilot.
Thus, it is very difficult to accurately determine the interacting force between the
vessel and the bridge during collision. Over the years, researchers carried out many
studies on the mechanism of vessel-structure collision, and according to different
physical principles, proposed several practical design formulas for vessel collision
loads, and have applied them in the design of bridge piers against vessel collision.
These formulas mainly include the following three types.
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(1) The design formula for colliding force based on the energy principle.
According to the theorem of energy conservation, assuming the initial kinetic
energy of the vessel is completely converted into the deformation potential
energy after the collision, the maximum collision load can be calculated on
account of the deformed stiffness, which is the basis of the Eurocode and the
Fundamental Code for Design on Railway Bridge and Culvert (TB10002.1
2005) of China. The formula of collision force is established according to the
conversion relationship between the kinetic energy and the deformation
potential energy of the vessel, in which the factors such as energy loss during
collision and colliding angle are considered, and the deformation stiffness is
refined as two parts: the vessel stiffness and the bridge-pier stiffness.

(2) The design formula for colliding force based on the momentum principle.
According to the momentum principle, knowing the initial momentum and the
duration time of the vessel collision, the average collision load can be calcu-
lated. In the General Code for Design of Highway Bridges and Culverts JTG
D60 2015) of China, the design formula for average collision load adopts this
principle, by which the maximum collision load is believed to be two times of
the average collision load.

(3) The design formula for colliding force based on the experimental data and
experiences. The vessel collision with a pier is a complex nonlinear dynamic
process with a huge energy conversion in a very short time. In design codes, the
empirical formulas based on simplified static load statistics are usually adopted,
such as in AASHTO (1991, 2007), JTG D60 (2015), and TB10002.1 (2005).
These empirical formulas, however, cannot take into account the duration time
of the collision load, the interaction between vessel and pier, the structural
behavior and elastic deformation of the bridge related to the loading rate of
collision, etc.

Relatively, experiments are the best way to study the vessel-pier collision, but
limited by the high cost and long performing time, full-scale field tests for
vessel-pier collision are rarely conducted. Most researches are based on small-scale
model tests or swing-hammer impact tests in laboratory, and then, the results are
modified according to the accuracy and uncertainties of the test to estimate the
actual-scale conditions (Consolazio et al. 2003).

After a half century’s efforts, researchers in some countries have developed their
respective practical calculation methods for vessel collision loads, and several
technical regulations have been proposed in bridge design codes.

The 4th edition of LRFD Bridge Design Specifications issued by AASHTO in
(2007) prescribes that the equivalent static vessel impact force on bridge pier can be
calculated by the following formula

F,=12x10°-V,-vVDWT (8.1)
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Fig. 8.1 Typical vessel impact forces (AASHTO LRFD)

where F; is the equivalent static vessel impact force (N); DWT is the deadweight
tonnage (Mg) of the vessel (including vessel body, goods, fuel, and water); and V.
is the impact velocity (m/s) of the vessel colliding on the bridge pier.

Shown in Fig. 8.1 are the typical vessel impact forces calculated by Eq. (8.1),
with respect to various vessel tonnages and collision velocities

In the Fundamental Code for Design on Railway Bridge and Culvert
(TB10002.1 2005) issued by the Ministry of Railways of PRC, it is stipulated that
the design collision force of vessel to the pier and abutment can be calculated as

w
Ci+C

F=y- V.- sina (8.2)

where F is collision force (kN); 7 is the kinetic energy reduction factor (s/m'?),
which can be taken as 0.2 for slanting vessel collision and 0.3 for forward collision;
V. is the vessel speed (m/s) when it collides the pier; « is the angle between the
navigation direction of the vessel and the tangent at collision point with the pier;
W is the weight of the vessel (kN); C; and C, are, respectively, elastic deformation
coefficients of the vessel and the pier and can be assumed C; + C, = 0.0005 m/kN
when lack of data.

The acting position of the vessel collision load should be determined according
to the specific condition, and if no related data available, the height of navigable
water level can be used.

In Eurocode EN 1991-1-7 and BS EN 1997-1-7 Actions on Structures, Part 1-7:
General Actions—Accidental Actions (1991, 2006), the vessel collision loads in
inland waterway and sea waterway are given for both static design and dynamic
design. In this section, only the vessel collision load for dynamic calculation in the
Eurocode is introduced.

According to the Eurocode, for the inland waterway vessel, when elastic
deformation of the vessel is considered (Eger < 0.21 MN-m), the dynamic design
impact force can be calculated by
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den,el =10.95 x vV Edef (MN) (83)

When the plastic deformation of the vessel is considered (Egef > 0.21 MN-m),
the dynamic design impact force can be calculated by

den,pl =50x vV 1 +0.128Edef (MN) (84)

where the deformation energy Eq.r (MN-m) is equal to the available total kinetic
energy E, = 0.5 mV? in case of frontal impact, while in case of lateral impact with
o < 45°, a sliding impact may be assumed and the deformation energy is taken as

Eget = Ea(1 — cosa) (8.5)

In this case, it is recommended to use the average mass m for the relevant vessel
type and the design velocity V equal to 3 m/s plus the water flow velocity.

In the dynamic structural analysis, the impact forces should be modeled,
according to the response of the vessel, as a half-sine-wave pulse for Fgy, = 5 MN
(elastic impact) and a trapezoidal pulse for Fyy, > 5 MN (plastic impact), with the
load durations and other details presented in Fig. 8.2.

For sea-going merchant vessels between 500 DWT and 300,000 DWT, the
dynamic design impact force may be determined by

po ) FoL [Eim13 + (,5'005_ DL ( Finp > fz.s) 56
2.24F[EimpL] ™ (Eimp <L*®)

where F is the maximum bow collision force in MN; L=L,,/275 (m); L, is the
length of vessel in m; F, is the reference collision force equal to 210 MN;
Emp:Eimp /1425 (MN - m), Einp is the energy absorbed by plastic deformation,
Einp= 0.5 ng where m is the mass of vessel ( 10° kg), and Vj is the initial velocity

of vessel, taken as 5 m/s.
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Fig. 8.2 Load-time functions for vessel collision
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Fig. 8.3 Collision force curves of vessel and comparison of simplified formula and design codes

According to the wave propagation theory, the impact load is generated on the
interface between the vessel and the bridge, forming a complex dynamic interaction
process, which is related to the material and structural characteristics of the vessel
and the bridge, and the involved boundary conditions. In this sense, the nonlinear
dynamic numerical simulation is a good solution for this problem. With the pro-
gress of computer hardware and structural analysis software, the numerical simu-
lation method has been favored by more and more researchers, such as Derucher
(1984), Manen (2001), He (2004), Hu et al. (2005), Yan (2006), Wang et al. (2006,
2008), Wang and Chen (2007), Thilakarathna et al. (2010), Fan and Yuan (2012),
and many results have been achieved.

Yan (2006) conducted FE simulation analysis on collision of a S0000DWT bulk
carrier with several types of pier models, to study the influences of various factors,
including vessel velocity (Fig. 8.3a), impact angle, vessel mass, bow stiffness, bow
material strain rate and failure strain, and impact contact area and geometry, on the
impact force peaks and their occurring time, and loading duration, of collision. By
comparing the simulated results with the collision loads from simplified formula
and design codes (Fig. 8.3b), he further studied the deficiency of the simplified
formula and the applicable conditions of the design collision loads.

Chen (2006) carried out a systematical analysis on the vessel-bridge collision
forces, concerning the mass and tonnage of vessel, the impact velocity and angle of
collision, the geometry and size of piers and pile caps, and so on. He adopted the
LS-DYNA software to simulate the vessel-bridge collision, and obtained several
time histories of collision force. Shown in Fig. 8.4a, b are the simulated impact
force time histories by collisions of a 5000-DWT bulk carrier with the pier of a
(95+3%x180+95) m continuous rigid-frame bridge at the speed of 4.0 m/s, and a
3000-DWT one at the speed of 3.0 m/s, respectively.

To better account for dynamic effect of bridge structure under vessel collisions,
the equivalent static analysis procedure is employed in most of the design speci-
fications for vessel-bridge collision, but it fails to avoid potentially underestimating
the demand.
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Fig. 8.4 Collision force time histories of vessels with concrete piers
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Fig. 8.5 Dynamic system for vessel-bridge collision and typical collision pulse forces

The shock spectrum analysis (SSA) approach was developed based on the theory
of vessel-structure interaction in collision, which can efficiently determine the
dynamic requirements of bridge structures under vessel collision. By the SSA
approach, Fan and Yuan (2012) established a SDOF vessel model and a MDOF
structure model, as shown in Fig. 8.5a. Using the models, he simulated the process
of bridge subjected to vessel collision and proposed the vessel collision loads for
bridge structure.

When the deformation of the bow is at elastic stage during the collision, the
vessel-bridge collision force can be expressed as

P(t) = Py sin(mt/t4) (8.7)

where P, = Vy-cp is the deformation energy of the bow; 74 = mm,Vy/Py, is the
total duration time of the collision force; cp = (ke-my)? is defined as the
pseudo-damping coefficient; and k. is the effective spring stiffness of the
vessel-bridge collision.
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When the deformation of the bow is at plastic stage during the collision, the
vessel-bridge collision force can be expressed as

Py sin(wy1) (0<r<ty)
P(t)=< Py (ty <t<t+1y) (8.8)
Pysinfwy(t — tq+2t,)]  (tp+1t, <t —tq)

where oy = 1/2t,, 0w, = n/2t,, and 1, = Tmy/(2cp).

Shown in Fig. 8.5b is the typical vessel collision force curve obtained by
Eq. (8.8). It can be found that the collision load given in the figure is consistent
with the dynamic analysis loads in EN 1991-1-7 of Eurocode and BS EN 1997-1-7
issued by the UK.

Chen et al. (2008) established a 3-D FE model to simulate and calculate the
collision process between an oil tanker vessel with the weight of 1900 DWT and the
tower platform of a long-span rail-cum-road cable-stayed bridge, by using the
parallel computing technology based on the contact equilibrium, and obtained the
time history of collision force, as shown in Fig. 8.6. It can be seen that during the
collision, the collision force increases firstly, and reaches the maximum value of
11.2 MN at 0.63 s, then decreases gradually and reduces to zero at about 1.4 s
when the vessel is rebound from the tower cap. The fluctuation of the collision force
indicates several loading and unloading of the vessel structure during the collision
process, and each unloading represents a failure or damage of a certain bow
structure.

The anti-collision design is an important issue for bridge against vessel impact.
He (2008) simulated the process of a 50000-DWT bulk carrier colliding on a bridge
pier at velocity of 4.0 m/s and obtained the time histories of impact force consid-
ering the pier with and without anti-collision device, as shown in Fig. 8.7.
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Fig. 8.6 Analysis model for vessel-tower-cap collision and impact force time history (1900DWT
oil tanker vessel, V., = 4.12 m/s)
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Fig. 8.7 Impact force time histories of a S0000DWT bulk carrier (V. = 4.0 m/s)

According to the results, for the pier with anti-collision device, the vessel col-
lision load shows a long duration of about 4.0 s, with the maximum impact force of
55 MN. While for the pier without anti-collision device, the collision load shows a
shorter duration of about 2.5 s, but a greater maximum impact force of 75 MN,
increased by 35% of the former.

The collision force curves exhibit jumped changes at several collision phases,
indicating a strong nonlinear wave characteristic, which shows the anti-collision
device effectively involved in the protection work, or reflect the failure or damage
of structural components. This nonlinear wave characteristic is also found in other
studies, such as those in Luo (2008) by simulation of a 1000 t vessel colliding on
the pier with the anti-collision device at velocity 5 m/s, and in Li et al. (2006) by a
5000 t vessel colliding on the anti-collision device of the pier at 2 m/s.

The maximum impact force of vessel collision on pier is one of the most
important factors for a bridge design. By means of nonlinear finite element simu-
lation method, Hu et al. (2005) calculated the impact forces of collision between
bow and rigid bridge pier for vessels of 5,000 ~ 60,000DWT and obtained the
curves of maximum collision force versus vessel tonnage at several collision
velocities, as shown in Fig. 8.8.
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These research results show that the collision loads of vessel with pier are very
complex. In general, the time histories of impact forces exhibit a characteristic of
strong nonlinear waveform, with loading duration of about 3 ~ 4 s; the heavier the
vessel, and the faster the impact velocity, the greater the instant collision force, with
the maximum being hundreds of MN.

8.1.2 Collision by Road Vehicles

Compared with the vessel and ice-floe collisions on bridge structures, the collision
of road vehicle on bridge is more often. In a collision accident, with the vehicle
crush, the bridge may be damaged or even collapsed due to the intense and sudden
impact, bringing even more serious casualties and property losses. As indicated by
researches and some related codes, vehicle-collision loads are very complicated,
and the values of collision force are quite different for the various vehicle types
under different conditions, such as the weight and velocity of vehicle, and the
impact position and angle of collision.

In some countries, the vehicle collision is regarded as one of the most likely
accidental loads for bridge structures, and related criteria for vehicle collision forces
are set in design codes.

In the 4th edition of LRFD Bridge Design Specifications issued by AASHTO in
(2007), it is prescribed that the bridge pier located within a distance of 9.0 m to the
roadway edge or 15.0 m to the center line of a railway track shall be designed for an
equivalent static force of 1,800 kN, which is assumed to act in any direction, in a
horizontal plane at 1.2 m height above the ground.

In China, the design codes for roadway bridge (JTG D60 2015), railway bridge
(TB10002.1 2005), and HSR bridge (TB10621-2014 2015) prescribe that: In case
that pier columns are likely to be bumped by cars, if without protection works, the
impact force shall be considered as 1,000 kN along the traffic direction, and 500 kN
across the traffic direction, horizontally acting on the pier at 1.2 m above the road
surface. The collision forces in two directions shall not be considered together.

In Eurocode EN 1991-1-7 and BS EN 1997-1-7 Actions on Structures, Part 1-7:
General Actions—Accidental Actions (European Standard 1991, 2006), design
values for actions due to impact on the columns of bridges adjacent to roads and
railways are defined. The indicative equivalent static design forces due to vehicular
impact are 1,000 kN in travel direction and 500 kN perpendicular to travel direc-
tion, horizontally acting at 0.50 m (cars) to 1.50 m (lorries) level above the sur-
rounding ground surface or higher where certain types of protective barriers are
provided. The indicative equivalent static design forces due to the impact of
derailed train are 4,000 kN along the track direction and 1,500 kN perpendicular to
the track direction, horizontally acting at 1.8 m above the track level. When the
train speed is greater than 120 km/h, a risk analysis should be carried out by using
refined methods such as dynamic analyses, nonlinear models, and interaction
between the load and the structure. In the absence of a dynamic analysis, the
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dynamic amplification factor for the elastic response may be assumed to be equal
to 1.4.

The impact is characterized as either hard impact, where the energy is mainly
dissipated by the impacting body, or soft impact, where the structure is designed to
deform in order to absorb the impact energy.

For hard impact, it is assumed that the structure is rigid and immovable and that
the colliding object deforms linearly during the impact phase. The maximum
dynamic interaction force is given by expression

F=Vk-m (8.9)

where V. is the velocity of the object when impacting; k is the equivalent elastic
stiffness of the object (i.e., the ratio between force and total deformation); and m is
the mass of the colliding object.

In this case, the force due to impact may be considered as a rectangular pulse on
the surface of the structure, as shown in Fig. 8.9, and the duration of the pulse
follows from

FAt = mV, or At =+/m/k (8.10)

in which k = FA/L and m = pAL, when the colliding object is modeled as an
equivalent impacting object of uniform cross section (see Fig. 8.9); L, A, E, and p
are, respectively, the length, cross-sectional area, modulus of elasticity, and mass
density of the colliding object.

If the structure is elastic and the colliding object is rigid, the collision energy is
mainly absorbed by the deformation of the structure, and it can be regarded as “soft
collision.” Equations (8.9) and (8.10) are still applicable, while they should be used
with k being the stiffness of the collided structure.

Generally, there are two ways to acquire the dynamic collision loads: on-site
experiment and mathematic simulation. In studying truck collision with bridge pier,
the full-scale test is very costly, because the expensive truck will be completely
destroyed after impact, while the small-scale model test can hardly provide the
required impact force curves, therefore, most investigations are based on finite
element simulation (EL-Tawil et al. 2005; Buth 2009; NCAC 2010; Sharma et al.
2012). Buth (2009) established a FE model to simulate the complex process of a

Fig. 8.9 Impact model W F
(Eurocode)
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Fig. 8.10 Impact force time histories of a dump truck collision with pier

truck crash with an RC column of a bridge over the I-20 highway in Texas in the
USA. He captured the time histories of collision force between the truck and the
column and reported a general agreement between the simulated crack pattern and
the actually observed failure mechanism of the column. The time history given in
the Fig. 8.10 is the collision load of a 289-kN-weight dump truck colliding on the
bridge pier with the velocity of 96.6 km/h, and the figure also shows that the states
of truck and bridge pier after collision are related to the two peaks in the curve.

The impact force time history is formed by the interacting response of colliding
truck and the collided pier. Owing to the structural and mass distribution charac-
teristics of the truck, there appear two main peaks in the curve of Fig. 8.10.
According to some researches, the durations of collision loads in various cases are
basically the same.

The impact force by truck collision is usually measured by the “50 ms moving
average” value. Shown in Fig. 8.11a are the impact force curves simulated with the
289-kN dump truck at two impact velocities (Buth 2009). It can be seen that the
variation of the impact force curves is relatively less fluctuated. The maximum
values of the impact force curves after “50 ms moving average” are often taken as
the design load.

Similar results are presented by Yu and Zha (2011), who established a dynamic
model to investigate the impact of a truck with a bridge pier. The truck had a weight
of 77 kN, and the FE model of the truck was the one issued by NCAC (National
Crash Analysis Center 2010) in the USA. Shown in Fig. 8.11b are the “50 ms
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Fig. 8.11 Impact force time histories of truck collision with piers after “50 ms moving average”

moving” averaged collision force time histories of the truck acting on the pier at
two impact velocities V., = 100 km/h and V. = 130 km/h, and the corresponding
peak forces are 2.65 MN and 3.5 MN, respectively.

El-Tawil et al. (2005) used the inelastic transient finite element method to
simulate the collision forces between truck and bridge pier. A 14 kN-Chevy truck
and a 66 kN-Ford truck and two types of concrete piers were used in the simulation,
and the impact velocities for the trucks were from 55 to 135 km/h. Shown in
Fig. 8.12 are the impact force time histories of truck collision with pier.

These time histories of impact forces show a characteristic of narrow pulse load
with very short loading duration of about 0.1 s and the pulse width of
0.003 s ~ 0.01 s; the faster the vehicle velocity, the earlier the peak appears, and
the narrower the pulse width.

Regarding the collision intensity, El-Tawil et al. further studied the distributions
of peak dynamic force (PDF) and equivalent static force (ESF, the static force
necessary to produce the same displacement as that produced by the dynamic force)
of the two trucks versus approach velocity, as shown in Fig. 8.13, where the design
loads in AASHTO and Chinese code are also given for comparison.
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Fig. 8.12 Impact force time histories of truck collision with pier (El-Tawil et al. 2005)
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Fig. 8.13 Distributions of truck impact forces versus approach speed

The results showed that the collision forces appear to increase rapidly with the
approach velocity of the truck. The maximum PDF is as high as 26.3 MN for the
Ford truck and 14.4 MN for the Chevy, and the maximum ESF is 8.85 MN for the
Ford and 3.07 MN for the Chevy, respectively. Even for the ESF, it turns out to be
significantly higher than the design values (1.8 MN in AASHITO and 1.0 MN in
Chinese code) when the truck velocity is high, indicating that the current collision
design provisions could be severely insufficient and that there might be a number of
bridge piers vulnerable to accidental impact of heavy trucks. Moreover, it should be
mentioned that as the freight trucks are often overloaded and sometimes over-
speeded in China, the actual collision forces might also be much greater than the
one provided in the code.

Based on the refined nonlinear finite element analysis and the accident case
investigation, Lu et al. (2011) studied the impact force and the structure damage
mechanism of overheight truck colliding with bridge superstructures. Illustrated in
Fig. 8.14a are the calculated impact force time histories of a 2-axle truck colliding
with the T-beam of a bridge at several velocities. The curves show that the collision
loads are greatly affected by the mass and the colliding velocity of truck, and both
lateral and vertical impact impulses have linear relationship with the velocity of the
truck, while they are little affected by the type of bridge structure (Fig. 8.14b).

Subsequently, further studies by Lu et al. (2011) and Xu et al. (2012, 2013)
found that collision between overheight truck and bridge superstructure causes two
types of failure modes, viz global damage and local damage, which are necessary to
be incorporated into the bridge design. To reduce computation cost and facilitate
engineering application, a simplified model for calculating the collision forces is
proposed. The collision force histories by the simplified model and the FE method
are compared in Fig. 8.15.

Sharma et al. (2012) developed a framework for estimating the dynamic shear
force capacity of an RC column subjected to vehicle collision for different per-
formance levels of the design. The method, as a more realistic representation of
vehicle collision with structures, is an improvement over the existing static or
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(V = 60 km/h)

quasi-static analysis to the dynamic analysis. The proposed procedure can be used
for the design of RC columns to minimize damage and meet a set of performance
objectives during different vehicle impact scenarios and can be extended to estimate
the capacity of other members such as prestressed columns, steel columns, and
beams and other hazards such as high-velocity impacts due to blasts or missiles.
Shown in Fig. 8.16 are the failure modes of the column and two types of trucks

after collision.

(a) 38-t truck, V=18 m/s, no column failure.

(b) 8-t truck, V;=32m/s, with column failure.

Fig. 8.16 FE simulation of an RC column collided by trucks
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These research results show that in general, the time histories of impact force
from vehicle collision with pier exhibit a characteristic of pulse waveform; the
faster the vehicle velocity, the earlier the peak appears, and the narrower the pulse
width, with very short loading duration usually less than 0.2 s. The heavier the
vehicle, the faster the vehicle velocity, and the shorter the loading duration, the
greater the instant collision force, with the maximum being dozens of MN.

8.1.3 Collision by Drifting-Floe

In addition to collisions by vessels and vehicles, the pier of a bridge crossing a river
may be collided by drifting-floe or other floating objects. In particular, for the
drifting-floe with large volume and huge impact energy, it may have a destructive
impact on the structure; thus, the collision of ice-floe on bridge piers has been paid
more attention by researchers.

There are two types of ice effects on structure: static ice load and dynamic ice
load. The static ice load concerns the maximum static ice force on the structure,
which is used to determine the static stiffness and strength of the structure, to ensure
it against damage. The dynamic ice load concerns not only the maximum instant ice
force, but also the variation of the force with time, which may induce the vibration
of bridge. The dynamic ice load affects the structure response in its loading form,
magnitude, and duration. Only by the characteristics of the dynamic ice load, can
the structural response be exactly evaluated, so as to avoid structural damage caused
by overlarge vibrations. However, the current bridge design codes only give the
design formulas for static ice load, which are not applicable for dynamic analysis of
bridges subjected to ice collision. With the occurrence of many ice-excited vibra-
tion accidents, this issue has been more and more noticed.

The dynamic ice load is complex, which is divided into three categories as
periodic, random, and impact (Yu et al. 2009a, b; Guo 2010). Each category of
dynamic ice load has its distinct feature in impact force magnitude, loading dura-
tion, and variation speed. In the three categories, the dynamic ice load caused by
drifting-floe impact on a bridge pier is most concerned in train-bridge coupling
dynamic analysis, so it is summarized as herein below.

There are two methods for studying ice-floe collision with pier, namely exper-
iment, and numerical simulation.

The experimental study includes the in situ test and the laboratory test. The data
measured at in situ test can well reflect the real ice-floe collision, but they are not
easy to obtain, because under the difficult in situ test condition, the sensors always
directly contact with the water and are often damaged by the impact of the huge
ice-floe, and moreover, the free ice-floe drifting state cannot be controlled. The
current studies are mainly concentrated on the fracture performance of ice-floes,
while very few for direct measurement of their collision forces with bridge piers.

From the laboratory test, various factors affecting the ice-floe collision with piers
can be accurately measured and quantitatively analyzed, by changing the
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mechanical features, volumes, and drifting velocities of ice-floes and the structural
parameters of the collided pier. However, due to the mechanical behavior of ice-floe
that has a significant size effect, the scaled model test can hardly reflect the com-
plicated conditions on the site.

With the development of numerical simulation techniques, the study on
ice-structure collision based on various finite element models has achieved con-
siderable progress. The ice loads, especially the dynamic ice loads, are rather
complex, which depend not only on the mechanical characteristics of the ice and the
type of the collided structure, but also on the dynamic interaction between the
ice-floe and the structure. Because in-depth study of these issues is beyond the
scope of this book, herein with the need of research in this chapter, several typical
ice-collision loads obtained by experiments and finite element simulations are
introduced.

Liu (2011) implemented the numerical simulations of interaction processes
between sea ice and bridge foundation according to the condition of sea ice in
Qingdao Gulf. The results showed that when the flow velocity is larger than
0.1 m/s, the ice crushing failure is formed, and during the crushing process it
produces the dynamic force on the structure, as shown in Fig. 8.17a. In the case of
the impact force curve, a strong impact pulse occurs very soon after the collision,
with duration of about 0.5 s, and subsequently, with the process of impact, squeeze,
and crushing the ice body suffered, there appears a series of smaller magnitude.
This is in accordance with the model test result in Fig. 8.17b (Tuhkuri 1995).

Wau et al. (2008) conducted numerical simulations of bending failure processes
between sea ice and conical structure, using the software LS-DYNA, and obtained
the impact force time history of ice-floe, as shown in Fig. 8.17c. Zhang et al. (2002)
analyzed the dynamic interaction between ice and structure by the DDA (discon-
tinuous deformation analysis) approach, and with the inverse analysis on the
structural response, a similar ice impact force acting on the structure is obtained, as
shown in Fig. 8.17d.

Dong et al. (2012) conducted a series of tests of ice loads on cylindrical piles
subjected to the impacts of drifting ice and obtained the ice impact force on the pier,
as shown in Fig. 8.18a, which is similar to that from a field measurement by Guo
(2010) shown in Fig. 8.18b. In these curves, the impact forces reach the peak within
a very short time after the collision and then sharply decline, showing a typical
pulse load. They then analyzed the relationship between ice kinetic energy and the
impact force, finding that the design load on the piles can be determined with an
envelope of logarithm curve.

Han (2000) conducted a field experiment on drifting-floe colliding with the
No. 3 pier of the Harbin Songhua River Bridge. By installing five ice-pressure
sensors on the ice guard, she measured the dynamic pressures of the floating floe on
the pier and observed the crushing state of the floe when it collided with the guard
body. Shown in Fig. 8.19 are two typical measured dynamic pressure signals under
ice-floe collision, from which the maximum impact force was acquired, by scaling
with the calibrated rate, as 507.6 kN.
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Fig. 8.17 Impact force time histories of ice-floe collision with structures
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Fig. 8.18 Impact force time histories of ice-floe collision by model test and field measurement

In the springs of 2008 ~ 2010, the author participated in the field experiments
at several bridges suffering drifting-floe collision in the cold Northeast China (Yu
et al. 2009; Xia et al. 2012a, b), measured the impact forces of the floes colliding
with the piers, and recorded the statuses of the collisions. Shown in Fig. 8.20 are
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Fig. 8.19 Dynamic pressure signals under ice-floe collision measured at No. 3 pier of the Harbin
Songhua River Bridge

30m

Floe border

LFIOW

Flow velocity
0.6m/s Bank

Floe thickness
0.45~0.6m

Fracture

Fell off after

30m FF collision |~ D

| ;

No.38 pier No. 39 pier

Fig. 8.20 Ice-floes drifting on the Tonghe Songhua River and a 90 m x 90 m floe colliding with
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the scene of ice-floes drifting on the Tonghe Songhua River and the status of a
90 m x 90 m huge floe colliding the No. 38 pier of the bridge.

Summarized in Table 8.1 are maximum impact forces of ice-floe collision with
piers measured at several bridges, with the respective geometries and flowing
velocities of the floes.

In these experimental results, the maximum impact force of ice-floe collision
was 2432.82 kN, measured at the No. 10 pier of the Jiamusi Songhua River Bridge,
the area of the ice-floe was recorded as 80 x 60 mz, and the flow velocity
1.35 ~ 1.45 m/s. Shown in Fig. 8.21a is the impact force time history of this
collision. The impact load exhibits a typical repeated-impact feature, with the
duration of about 4 s; the maximum force appeared at about 0.26 s and subse-
quently followed three peaks around 850 kN and one around 500 kN between
0.5 ~ 2.5 s; and afterward, at the end of this collision, appeared the second biggest
peak of 1500 kN at about 3.7 s.
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Table 8.1 Results of ice-floe collision with piers measured at bridge sites

No. | Bridge name Pier Floe size Floe velocity Max. impact
No. (m?) (m/s) force (kN)

Huma River Bridge No. 1 60 x 80 0.85 1968.82
Xunbila River Bridge No. 7 20 x 20 o 280

3 Jiamusi Songhua River No. 10 |80 x 60 1.35 ~ 1.45 2432.82
Bridge

4 Tonghe Songhua River No. 38 80 x 100 0.45 ~ 0.60 375.48
Bridge

5 Harbin Songhua River No. 3 60 x 100 |—— 387.1
Bridge
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g. 8.21 Impact force time histories of ice-floe collision with piers measured at bridge sites

Shown in Fig. 8.21b is another typical impact force time history of ice-floe
collision, which was measured at the No. 38 pier of the Tonghe Songhua River
Bridge, the area of the ice-floe was recorded as 80 x 100 m2, the thickness was
0.45 ~ 0.60 m, and the flow velocity was 0.6 m/s. There appeared two pulses in
the impact force time history: The first small pulse was 75.34 kN with a short
duration of about 0.02 s, and 3.3 s after it, the second pulse appeared, with a bigger
peak of 375.48 kN and a longer duration of 0.16 s.

To study the collision intensity of ice-floe, Timco et al. (2003, 2011) summa-
rized all available data related to ice-floe impacts on structures, including laboratory
tests, forces on several bridge piers (Hondo, Pembina, Rideau), forces from small
icebergs impacting dedicated test structures (Grappling Island, Newmans Cove),
multi-year ice impacts on the offshore structure Molikpaq, and the Hans Island
experiments. Based on statistical analysis, they found the impact force was best
related to the kinetic energy of the floe at impact. This energy ranged over thirteen
orders of magnitude in value, showing a good correlation of the impact force F with
the energy E at impact with a function form F = Ae®>3? where the coefficient A was
determined to be 61.7 MN for the “likely” impact force and 388 MN for the
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Fig. 8.22 Distribution of peak impact force versus the kinetic energy of ice-floe

upper-limit, as shown in Fig. 8.22. The figure shows that the maximum impact
force of ice-floe can be hundreds of MN.

These research results show that in general, the time histories of ice-floe collision
forces exhibit a characteristic of pulse waveform; the faster the flow velocity, the
greater the instant force, and the shorter the impact action, being 0.05 ~ 0.5 s, with
wide duration range of 0.05 ~ 4.0 s; the heavier the ice-floe, and the faster the
flow velocity, the greater the instant collision force, with the maximum being
hundreds of MN.

8.1.4 Characteristics of Bridge Collision Loads

The collision loads on bridge structure concerned in train-bridge coupling dynamic
analysis mainly include vessel collision, vehicle collision, and ice-floe collision.
These collision loads are very complicated, with their respective characteristics in
impact force time histories, maximum impact forces, and acting positions, as
summarized in Table 8.2.
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Table 8.2 Characteristics of various bridge collision loads

Collision Vessel collision Vehicle collision Drifting-floe collision
loads
Impact Time history of impact Time history of impact | Time history of impact
force time | force exhibits a force exhibits a force exhibits a
history characteristic of strong characteristic of pulse characteristic of pulse
nonlinear waveform, waveform. The faster the | waveform. The faster the
with loading durations of | vehicle velocity, the flow velocity, the greater
3~4s earlier the peak appears, | the instant force, and the
and the narrower the shorter the impact action,
pulse width, with very being 0.05 ~ 0.5 s, with
short loading duration of | wide duration range of
usually less than 0.2 s 0.05 ~ 4.0s
Maximum | The heavier the vessel, The heavier the vehicle, | The heavier the floe, and
Impact and the faster the impact | the faster the vehicle the faster the flow
force velocity, the greater the | velocity, and the shorter | velocity, the greater the

instant collision force,
with the maximum
hundreds of MN

the loading duration, the
greater the instant
collision force, with the
maximum dozens of MN

instant collision force,
with the maximum
hundreds of MN

Position of
impact

Acting on pier at position
varying with the
navigation water level
and colliding part of the
vessel; sometimes on
superstructure

Acting on pier usually at
low position; sometimes
on superstructure

Acting on pier at the flow
surface, varying with the
water level

8.2 Dynamic Analysis Model of Train-Bridge System
Subjected to Collision Loads

When a bridge is collided by a vessel, a car or other colliding object, the analysis
model of the train-bridge system can be regarded as a spatial dynamic system
composed of three subsystems: the bridge subsystem, the train subsystem, and the
colliding object subsystem, as shown in Fig. 8.23.

Vehicle
vibration

Fig. 8.23 A coupled train-bridge system subjected to a vessel collision



8.2 Dynamic Analysis Model of Train-Bridge System Subjected to Collision Loads 433

Theoretically, the motion equations for such a system can be expressed as
My, 0 0](X Cy Co 07 (X, Ky Ko 07(X Fu

0 My O Xop p+|Cov Cob Coc | Xp o+ | Koy Kip Kic [ Xp p =4 Fov+Fic
0 0 Mcc Xc 0 ch Ccc XC 0 ch ch Xc Fcb

(8.11)
where the subscripts “v”, “b”, and “c” represent the train, bridge, and colliding
objects, respectively; M, C, and K are the mass, damping, and stiffness matrices of
the train-bridge system, respectively; X, X, and X are the displacement, velocity,
and acceleration vectors, respectively; F,, and Fy, are the interforce vectors of the
bridge to the train and the train to the bridge; and F. and F, are the interforce
vectors of the colliding object to the bridge and the bridge to the colliding object,
respectively.

It should be noticed that the colliding object may produce plastic deformation
during the collision, and the bridge may be damaged if the collision load is suffi-
ciently large. In this case, the structural characteristics of the colliding object and
the bridge may be changed, so the influence of nonlinear factors on the stiffness
matrices Kyp,, Ky, Kep, and K. related to the colliding object and the bridge in
Eq. (8.11) should be considered.

However, the coupling vibration of train-bridge system under collision loads is a
complex problem. The complexity contains the following: (1) the characteristics of
the collision load, whatever it is induced by vessel, vehicle, ice-floe, or other
colliding objects, not only relate to the mass and motion speed of the colliding
object, but also depend on the stiffness of the colliding object and the collided
structure; (2) the stiffness of the colliding object that is related to its own material
and structural characteristics, such as the material and the structure of the vessel
bow and the anti-collision beam of the vehicle, and the hardness and shape of the
ice-floe. The colliding object and the collided object with different stiffness have
different deformation and energy absorption capacities, which directly influence the
time histories of the collision load, such as the duration time and collision strength.
Therefore, synchronously considering the interactions between train and bridge and
between colliding object and collided structure makes the problem extremely
complicated, which is almost unrealizable by the current analysis methods.

On the other hand, according to the existing researches, there are three methods
to obtain the collision load: field test, model experiment, and numerical simulation.
Whatever any method is used, the time history of the acquired collision load has
included the influence of the stiffness and the deformation of the colliding object
and the collided structure, and also the dynamic interaction between them.
Therefore, with a known collision load, it is feasible to use a simplified method to
analyze the dynamic responses of train-bridge system under collision load: By
neglecting the interaction between the colliding object and the bridge structure, the
time history of the collision load is directly taken as the input excitation on the
train-bridge system, to solve the problem through simulation analysis.
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Fig. 8.24 Dynamic model for train-bridge system subjected to collision loads

The train-bridge dynamic interaction model established by this method is shown
in Fig. 8.24, which consists of two subsystems, the train subsystem and the bridge
subsystem, and the collision load is directly applied on the bridge structure as the
external force F.(1).

In the analysis, the train subsystem model is established by rigid bodies with
elastic connections, and the bridge subsystem model is established either by the
FEM (Finite element method) or the MDM (modal decomposition method). The
two subsystems are coupled by the wheel-rail interaction, and the track irregularity
is regarded as the internal excitation of the two subsystems.

When the bridge subsystem is established by the FEM, the coupled motion
equations for the train-bridge system subjected to collision loads can be expressed

as

Mvv 0 Xv + va va Xv + va I(vb Xv

0 My || X, Cov Cop | | Xp Koy  Kop | | X

| Fw 0

Nawy w2
where the subscripts “v”” and “b” represent the train and the bridge, respectively; M,
C, and K are the mass, damping, and stiffness matrices, and X, X, and X are the
displacement, velocity, and acceleration vectors, respectively; F,;, and F,, are the
interforce vectors of the bridge structure and the train vehicles, respectively. Details
of these matrices and vectors can be found in Chap. 5 of this book.

When the bridge subsystem model is established by the MDM, the motion
equation of the system can be expressed as
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where Qy, Qb, and Qb are the modal displacement, velocity, and acceleration
vectors of the bridge subsystem, respectively; Fy, and Fy, are the interforce vectors
of the train vehicle and the bridge subsystem with modal coordinates. The modal
displacement Q, can be acquired using the following transform formula:

Qb = [CIl 4 - qn .- 4N, ] = q)TXb (814&)
an =Y $a(k)X (k) (8.14b)

where ¢, is the nth modal coordinate of the bridge; @ is the mode-shape matrix of
the bridge; ¢, (k) is the value of the nth modal function of the bridge at the kth
node; N, is the total number of the bridge modes concerned; X(k) is the bridge
displacement at the kth node; and N is the total number of bridge nodes.

According to the related design codes in China, for the bridge pier and abutment
located in a navigable river or a river with floating objects, the collision by vessel or
floating object should be considered in the design. For the bridge across a railway or
highway, the collision on the pier and abutment by the vehicle should also be
considered. In a general design, the collision load can be calculated by the related
equations in the codes. In the present bridge code, however, the calculation method
for the collision load is still at the static design stage, which cannot be used directly
for calculating the dynamic response of the train-bridge system subjected to a
collision load. Instead, the time history of the collision load is needed, which is
input to the train-bridge system as an external excitation to carry out the simulation
calculation.

When the bridge model is established by the FEM, the collision load on the
bridge can be applied to the related structural nodes as the collision load vector F..
When the bridge model is established by the MDM, the generalized collision load

vector F, corresponding to the related modes can be expressed as

Fo = OFe=[fu (1), fia (1), - fen(0), - - feny (D))" (8.15)

where f, is the generalized collision force acting on the bridge corresponding to the
nth mode. Supposing the collision forces act horizontally on the pier, f, can be
expressed as
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N

fon =Y _ h(k)Fi(1) (8.16)

k=1

where (j)l,: (k) is the function value of the nth mode shape in horizontal direction of
the bridge at the kth node; F(¢) is the collision force history of the vessel on the
bridge at the kth node, which is only different from zero at the pier nodes affected
by the collision.

When the collision load is known as an external load, the motion equations for
the train-bridge interaction system subjected to a collision load can be solved by the
software for dynamic analysis of train-bridge interaction system.

8.3 Dynamic Analysis of Train-Bridge System Subjected
to Collision Loads

Using the established model, the whole process of a train passing through the bridge
subjected to collision loads can be simulated, to calculate the dynamic responses of
the bridge and the running safety indices of the on-bridge train, and further to
analyze the characteristics of time histories and frequency spectra.

8.3.1 Bridge Description and Calculation Parameters

The case study concerns a double-track bridge situated on the Harbin-Dalian HSR
line in Northeast China. The bridge is composed of (324+48+32) m continuous PC
box-girders, with two 32 m simply-supported side spans added at both ends of the
continuous span, as shown in Fig. 8.25.

The cross section and the main dimensions of the girder are shown in Figs. 8.26
and 8.27. The widths of top slab and bottom plate are 13.4 m and 5.74 m,
respectively, and the depth of the girder is 3.0 m for the whole span length, while at
the strengthened segments of 500 cm long (250 cm each side from the bearing

Pier 2 Pier 3
Fc s T

| 2m | 3om ] 48m | 32m | 32m |
1 + # A A+ 1

Fig. 8.25 Configuration of the (32 + 48 + 32) m continuous bridge with two 32 m side spans
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Table 8.3 Foundation stiffness of the (32448+32) m continuous bridge piers

Pier Section area | Translational Rotational stiffness
(m?) stiffness (MN/m) (MN-m/rad)
Ry Ry R, M, M,

Middle Fixed 7.75 x 4.45 1681.59 | 1681.59 | 13328.5 | 189480 | 189480
piers bearing

Movable 7.75 x 4.45 168391 | 1683.91 |13906.7 |197110 | 197110

bearing
Side piers 7.0 x 3.2 892.11 | 882.91 |7725.1 |83424 45567
Middle Fixed 7775 x 445 | 13328.5 |1681.59 | 189480 |1681.59 | 189480
piers bearing

Movable 7.75 x 445 |13906.7 |1683.91 |197110 |1683.91 | 197110

bearing
Side piers 7.0 x 3.2 7725.1 892.11 | 45567 882.91 |83424

center) above the Piers 2 and 3, the upper slab, bottom plate, and the webs are
thickened. Laid on the bridge deck are the CRTS II ballastless double slab tracks,
and the secondary phase dead load applied on the bridge model is 18.5 t/m.

The substructure of the bridge includes the concrete solid piers with round-ended
sections and the concrete pile foundations. The height of two middle piers is
19.45 m, and the height of two side piers is 10.0 m. In the finite element model, the
piers are modeled with beam elements and the support stiffness of pile foundations
is considered, as listed in Table 8.3, in which R,, Ry, and R, are translational
stiffness in longitudinal, transverse, and vertical directions, and M, and M, are
rotational stiffness around the longitudinal and transverse axes of the bridge,
respectively, provided by the designer.

For the (324+48+32) m continuous spans, mounted on the Pier 2 are fixed pot
neoprene bearings, while the rest are sliding ones. In the analysis, the bearings are
modeled according to the design. For the sliding bearing, the translational dis-
placement in the longitudinal x-axis and the rotational angle about transverse y-axis
of the girder end are free, while the other 2 translational displacements and 2
rotational angles are modeled as slave DOFs of the master DOFs at the pier-top. For
the fixed bearing, the rotational angle about the transverse y-axis of the girder end is
free, while the other 3 translational displacements and 2 rotational angles are
connected through master-and-slave relation to the pier-top.

By a finite element modal analysis, the natural vibration characteristics including
frequencies and mode shapes of the bridge are obtained. Shown in Table 8.4 are the
first 10 modes with their characteristics in frequencies and mode shapes.

The high-speed train ICE3, which was used in China for the dynamic analysis of
high-speed railway bridges, is adopted. The train is composed of (3 M + 1T) x 3
cars, with M representing the motor-car and T the trailer-car, respectively. The
average axle loads are 156.96 kN for the motor-car and 143.23 kN for the
trailer-car. Other parameters can be found in Table 6.8. Illustrated in Fig. 8.28 are
the axle loads of a unit of ICE3 train with the main axle interval parameters.
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Table 8.4 Dynamic properties of the (32+48+32) m continuous bridge on high-speed railway

Order of mode | Frequency (Hz) | Descriptions of vibration modes
1 3.351 Vertical symmetric bending
2 4.122 Lateral symmetric bending
3 4.994 Longitudinal bending with antisymmetric vertical bending
4 5.714 Longitudinal bending with antisymmetric vertical bending
5 6.347 Longitudinal bending with symmetric vertical bending
6 6.711 Lateral antisymmetric bending
7 7.785 Vertical antisymmetric bending
8 8.426 Vertical symmetric bending
9 9.231 Lateral symmetric bending
10 10.688 Vertical antisymmetric bending
4X156.96 kN 4X156.96 kN 4X156.96 kN 4X143.23kN
A A A A
[ \ [ 1T | 1
ll Motor ll ll Motor ll l Motor l ll Trailer l
25m 25m 25m 25m 25m 25m 25m 25m
—F A A —F——

3.7m 3.7m
4 17.375m 4L7~4m4b 17.375m 4L7.4m‘L 17.375m 4L7-4m4t 17.375m 7 ¥

Fig. 8.28 Axle intervals and axle loads of a unit of ICE3 train

Three representative time histories and their spectra of collision loads are con-
sidered corresponding to ice-I load, ice-II load, and vessel load, as shown in
Fig. 8.29.

It can be found that the time histories of collision loads are complicated during
the collision with the piers:

For the ice-1 load, it refers to the ice-floe collision load measured in the
experiment on the Jiamusi Songhua River Bridge site in April 2009 (Xia et al.
2012a, b). It consists of six pulses acting repeatedly with an average width of 0.5 s
and a total duration of 4 s.

The ice-II load was the ice-floe collision load measured in the experiment on the
Tonghe Songhua River Bridge site in April 2010 (Xia et al. 2012a, b). It corre-
sponds to a single pulse with a narrow pulse width of 0.06 s.

The vessel load is taken from the reference (Chen 2006) and represents the
collision history by a ship, which is a wide continuous pulse with the total duration
of 1.8 s.

In the analysis, the collision intensities (herein representing the maximum forces)
of the three loads are normalized as 10 MN to compare the influence of different load
histories, as shown in Fig. 8.29. As the three collision loads have different time
evolutions, the dynamic responses of the bridge and the train will be different.
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Fig. 8.29 Time histories and frequency spectra of collision loads

The three collision loads, in spite with identical intensity, have distinct features
in impact velocity and duration, so they apply different effects on the dynamic
responses of the bridge and the train vehicles, which will be analyzed hereinbelow.

The ICE3 train travelling on the bridge is simulated with and without collision. In
the case with collision, the time history of the load is applied at level 10.2 m above
the pile cap of the Pier 2, in the horizontal flow direction, as shown in Fig. 8.25. To
better compare the results for different train speeds and different collision cases, each
load is applied at the time when the train arrives at Pier 1, which ensures that some of
the 12 cars of the train run on the first two continuous spans during the acting period
of the collision load, in order to get the maximum vehicle responses.

The vertical, lateral, and rotational track irregularities are taken into consideration
by using the data measured on the Qin-Shen HSR in China, as shown in Chap. 3. The
damping ratio of bridge is 0.02, and the integration time step is 0.0005 s.
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8.3.2 Dynamic Responses of the Bridge

Shown in Figs. 8.30 and 8.31 are the lateral displacement histories at the top of Pier
2 and at the mid-span (48 m middle span S4) of the bridge without collision and
under three collision loads, when the ICE3 train travels on the bridge at the speed of
V =200 km/h.

ey

@

Displacement /mm

Displacement /mm

Fig

From the figures, the effect of the collision is obvious:

In the case without collision, the lateral displacements of the bridge are induced
by the running train; therefore, the time history curves are steady with very
small amplitudes, 0.063 mm for the pier-top and 0.066 mm for the mid-span.
While under the collisions of ice-I load, ice-II load, and vessel load, the dis-
placements are significantly amplified. The maximum displacements are
1.43 mm, 0.373 mm, and 1.24 mm for the pier-top, and 1.31 mm, 0.419 mm,
and 1.09 mm for the mid-span, respectively.

Loading rate and time duration of the collision loads have an obvious influence
on the bridge displacements. For the ice-II load with the shortest pulse (0.06 s,
much shorter than the first lateral period of the bridge), the most obvious impact
effect in the displacement histories is induced, but the maximum peak value is
relatively small. While for the ice-I and vessel loads with longer pulse widths
(4 s and 1.8 s, respectively, both longer than the first lateral period of the
bridge), the displacements at pier-top and mid-span are more than two times
bigger than the ones induced by the ice-II load. This indicates that the load with
longer duration time has a higher collision effect on the bridge displacement.
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. 8.30 Lateral displacements at the top of Pier 2 under V = 200 km/h
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8.31 Lateral mid-span displacements of the 48 m span under V = 200 km/h

In the case with collision loads, the lateral displacement curves at the pier-top
and mid-span of the bridge show clear impact characteristics. Owing to the
damping action of the concrete pier and the girder, the vibrations attenuate fast,
and the displacement curves return very soon to their steady state similar to the
case without collision.

Shown in Figs. 8.32 and 8.33 are, respectively, the lateral acceleration histories
at the top of Pier 2 and the mid-span (48 m middle span) of the bridge without
collision and under the three collision loads, when the ICE3 train passes on the
bridge at V = 200 km/h.

It can be observed from Figs. 8.32 and 8.33 that:

@

@

In the case without collision, the time histories of the lateral accelerations are
rather steady, with very small amplitudes of 23.0 cm/s> for the pier-top and
20.3 cm/s? for the mid-span. While under the collisions of ice-I load, ice-II
load, and vessel load, the accelerations are greatly amplified, with the maxi-
mum values of 127 cm/sz, 162 cm/sz, and 73.5 cm/s? for the pier-top, and
135 cm/s%, 100 cm/s?, and 85.2 cm/s” for the mid-span, respectively.

Owing to the damping action of the concrete pier and the girder, the acceler-
ations attenuate fast, and the acceleration curves return very soon to their steady
state similar to the case without collision.

The frequency contents of the bridge responses are shown in Figs. 8.34, 8.35,
8.36, and 8.37.
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Fig. 8.32 Lateral accelerations at the top of Pier 2 under V = 200 km/h
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Fig. 8.33 Lateral mid-span accelerations of the 48 m span under V = 200 km/h
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It can be observed from Figs. 8.34, 8.35, 8.36 and 8.37 that:

In the case without collision, the bridge is excited only by the train. For the
lateral displacements, the dominant frequency components concentrate on 2.3 and
4.52 Hz (close to 4.12 Hz, the first lateral bending frequency of the bridge) and
6.71 Hz (exactly the second lateral bending frequency). These dominant frequency
components are in the range of the natural frequencies, 0.139-7.394 Hz (see
Table 8.6), of the ICE3 train vehicle. The spectra for the pier and the mid-span of
girder are similar, except that the peak of 6.71 Hz disappeared in the girder’s
spectrum, as it corresponds to an antisymmetric mode for the girder.

In the case with a collision, a forced vibration occurs simultaneously induced by
the train and collision loads. The three types of collision forces are impulsive loads
with relatively short duration, so the acting time on the bridge is shorter than that of
the train on bridge. During the collision, they excite much larger vibrations than the
train, but owing to the damping, the transient vibration excited by the collision
attenuates very fast after the collision.

When the collision finishes, it becomes a mixed response composed of the
train-induced forced vibration and the free vibration after collision. Therefore, the
frequency spectra for vibrations of the bridge simultaneously subjected to train and
collision loads are rather complex. Under the ice-I load with several pulses, the
dominant frequency of bridge displacement is 1.46 Hz, which is mainly the loading
frequency (Fig. 8.29a). Under the ice-II load with shortest pulse and wide fre-
quency band (Fig. 8.29b), the dominant frequency components of bridge dis-
placement are 3.05 Hz (close to 3.35 Hz, the first vertical bending frequency of the
bridge) and 6.96 Hz (close to 6.71 Hz, the second lateral bending frequency). This
is because the train travels on one track of the bridge with double tracks, which
induces a coupled lateral-vertical vibration when the bridge is acted on by a lateral
collision. Under the vessel load with a wider continuous pulse, the vibration fre-
quency spectrum shows clearly the quasi-static component, which is mainly due to
the quasi-static component of the load (Fig. 8.29c¢).

For the lateral acceleration responses of the bridge, the frequency spectra are
more complex. In the case without collision, the dominant frequencies appear at
2.3,4.5, and 6.7 Hz for the pier, but again only 2.3 and 4.5 Hz for the girder. Under
the collision loads, in addition to the dominant frequencies apparent in the dis-
placement spectra, there appear many peaks at higher frequencies, such as 9.52 Hz
for the ice-11oad, 10.1 Hz for the ice-1I load, and 8.91 Hz for the vessel load, which
are close to 9.23 Hz, the third lateral bending frequency of the bridge. Different
from the displacement spectra, there is no quasi-static component in any of the
acceleration spectra.

To further compare the influence of different collision loads, the maximum
lateral displacements and accelerations of the bridge under ice-I load, ice-II load,
and vessel load with the collision intensities of 5 MN, 10 MN, and 15 MN are
shown in Figs. 8.38, and 8.39, respectively.
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It can be observed from the figures that:

For the collision loads with the same intensity, the maximum displacement of a
structure mainly depends on the duration lengths of the loads. From Fig. 8.38,
it can be seen that the lateral displacements of the bridge induced by the ice-II
load with the shortest duration is the smallest, while the displacements induced
by the ice-I load with the longest duration and repeated impacts are bigger than
those by the other two collision loads.

The bridge accelerations are mainly influenced by the loading rate of the col-
lision loads. For the three collision loads with the same intensity, the ice-II load
with the shortest pulse width (0.06 s) produces the biggest pier-top acceleration
and shows the most obvious impact effect. The ice-I load has an obvious peak
at its first pulse, which induces a slightly smaller pier-top acceleration than that
by the ice-1I load. On the other hand, the ice-I load reveals the biggest mid-span
acceleration. The accelerations caused by the vessel load, the smallest accel-
erations, have a relatively steady course, experience a relatively long time to
reach their peak, which weakens the impact effect.
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8.3.3 Dynamic Responses of the Train

Shown in Figs. 8.40, 8.41, and 8.42 are, respectively, the derailment factors, offload
factors, and lateral wheel-rail forces of the first car, when the ICE3 train travels on
the bridge at V = 200 km/h, without collision and under three collision loads.

It can be seen from the figures that the running safety indices of the train
are strongly affected by the collision loads. When the ICE3 train travels on the
(32+48+32) m continuous bridge under either of the three collision loads, the
derailment factors, offload factors, and lateral wheel-rail forces exhibit obvious
difference compared to those without collision. After the impact of collisions, there
appear oscillations with large amplitude in the curves, and the peaks of the indices
are greatly increased.

Shown in Table 8.5 for comparison are the maximum running safety indices of
the train traveling on the bridge at the speed of 200 km/h without collision load and
under the three collision loads.

The limits in the table are the criterion for train running safety adopted in the
train-bridge coupling dynamic analysis and the joint debugging and commissioning
test of Beijing-Shanghai HSR line, namely derailment O/P < 0.8, offload factor
AP/P < 0.6, and lateral wheel-rail forces 52.97 kN and 49.08 kN for the motor-car
and trailer-car of ICE3 train, corresponding to their static loads of 156.96 kN and
143.22 kN, respectively.
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Fig. 8.40 Derailment factor histories of the first car under V = 200 km/h
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Table 8.5 Maximum running safety indices of ICE3 train on the bridge subjected to various
collision loads (V = 200 km/h)

Running safety index Without With collision loads Allowance
collision Ice-I  |Ice-Il | Vessel
load load load
Derailment factor Q/P 0.292 0.381 0.424 0.422 0.8
Offload factor AP/P 0.196 0.306 0.461 0.293 0.6
Lateral wheel-rail Motor-car | 20.535 26.393 |37.430 |[28.110 52.97
force (kN) Trailer-car | 19.247 20.945 |20.046 [20.756 |49.08
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@
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It can be summarized from Figs. 8.40, 8.41, and 8.42, and Table 8.5 that:

There appear strong shock waveforms in the time history curves of the
derailment factor, offload factor, and lateral wheel-rail force when the collision
load is applied on the bridge. The durations last about 1.5 s, which are shorter
than those observed in the bridge responses. For these collision loads, the
impact effect induced by the ice-II load is the most intense, indicating that the
running safety indices are more influenced by a collision load with a short
pulse.

Under the collision loads, the maximum values for the running safety indices
are greatly amplified: The derailment factors increase from 0.292 to
0.381 ~ 0.424 by 30.5% ~ 45.2%, the offload factors increase from 0.196 to
0.293 ~ 0.461 by 49.5% ~ 135.2%, and the lateral wheel-rail forces increase
from 20.535 to 26.393 ~ 37.43 by 28.5% ~ 82.3%, respectively.

When the bridge is excited by any of the three collision loads with maximum
impact force 10 MN, the derailment factor, offload factor, and lateral wheel-rail
force of the train running at V = 200 km/h are within the corresponding safety
allowances in the Chinese code.

8.4 Influence of Collision Effect on Running Safety

of High-Speed Train

The running safety of high-speed trains on railway bridges subjected to collision is

an

issue of concern in railway engineering. In this section, with the same bridge and

track irregularity parameters given in Sect. 8.3.1, the effect of collision on the
running safety of train is investigated by considering different train speeds, collision
force intensities, and train types. The maximum values of running safety indices,
which are taken from the corresponding time histories of all wheel-sets during
passage of the train on the bridge, are used for comparison and are evaluated
according to the safety evaluation indices.
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8.4.1 Influence of Train Speed

While keeping the parameters of the bridge and the ICE3 train unchanged, the train
speed is varied from 200 km/h to 320 km/h. The collision intensities are normal-
ized as 5 MN. The curves of maximum derailment factors, offload factors, and
lateral wheel-rail forces of motor-car and trailer-car versus train speed are shown in
Fig. 8.43, in which the curves related to the “without collision” case have been also
included. The horizontal dashed lines represent the related allowance values.

As shown in Fig. 8.43, the increasing tendency of the train running safety
indices with the train speed is obvious. Generally, the higher the train speed, the
bigger the running safety indices. When the train speed is 320 km/h, the derailment
factor under ice-I load exceeds the allowable value, and when the train speed is
350 km/h, the offload factors and lateral wheel-rail forces of trailer-car under all
collision loads exceed their related allowances.

8.4.2 Influence of Collision Load Intensity

Using the parameters of the bridge and the ICE3 train and keeping the load shapes
and durations unchanged, the influence of collision intensity on the running safety
indices is analyzed, by changing the collision intensities from 0 MN to 20 MN. The
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Fig. 8.44 Distributions of running safety indices versus collision intensity (V = 200 km/h)

train speed is 200 km/h. The distribution curves of maximum derailment factors,
offload factors, and lateral wheel-rail forces versus collision intensities for the three
collision loads are shown in Fig. 8.44, in which the horizontal dashed lines rep-
resent the related allowances.

Referring to these figures for the three collisions, the effect of collision intensity
on the running safety of the train can be summarized as follows:

(1) The increase of vehicle running safety indices with collision intensity is
obvious. Generally, the higher the collision intensity, the bigger the running
safety indices, especially when the collision intensity is greater than 5 MN (for
the derailment factor, offload factor, and lateral wheel-rail force of motor-car) or
10 MN (for the lateral wheel-rail force of trailer-car).

(2) The influence on the train running safety by the ice-II load with the shortest
duration is the most obvious. The ice-I load has a minor influence and the
vessel load the smallest.

(3) When the collision intensity of the ice-II load exceeds 15 MN, the offload factor
and lateral wheel-rail force of trailer-car exceed the related allowances. For the
ice-I load and the vessel load, when the collision intensity is less than 20 MN,
the running safety of train can be ensured.
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Fig. 8.45 Distributions of running safety indices of ICE3 train versus collision intensity of ice-I load

Shown in Fig. 8.45 are the distribution curves of maximum derailment factors,
offload factors, and lateral wheel-rail forces versus collision intensity of the ice-I
collision load, by considering three train speeds of 200, 250, and 300 km/h.

From the figures, it can be seen that the distribution curves under the three train
speeds have the same tendency: All the train running safety indices increase
obviously with the collision intensity. Under the train speed of V = 300 km/h, the
derailment factor exceeds the allowance at collision intensity of 12.5 MN, and
under V = 250 km/h, the derailment factor, offload factor, and motor-car lateral
wheel-rail forces exceed the related allowances at collision intensity of 20 MN.

For better displaying the distributions of running safety indices versus train speed
and collision intensity, Fig. 8.46 gives the 3-D graphs. The graphs clearly show how
the indices increase with train speed and collision intensity and exceed their safety
allowances under certain conditions, to form the respective dangerous zones.

8.4.3 Influence of Train Types

Three types of high-speed trains, Germany ICE3, Japan E500, and China CRH2
with the same composition of 4 x (3 motor-car +1 trailer-car), are considered to
analyze the influence of train types on the running safety indices of train vehicles.
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and collision intensity of ice-I load

For understanding the train-bridge interaction, it is useful to calculate the
eigen-frequencies and eigen-modes of the vehicles. Summarized in Table 8.6 are
the eigen-frequencies and the corresponding mode shape descriptions of the

Table 8.6 Calculated modal parameters of the train vehicles

Mode description Frequency (Hz)

ICE3 E500 CRH2

Motor | Trailer | Motor Trailer Motor Trailer
Vertical movement of 0.588 0.527 0.691 0.730 0.652 0.699
car-body
Pitching movement of 0.656 0.568 0.966 0.772 0.937 0.681
car-body
Yawing movement of 0.561 0.601 1.126 0.751 0.703 0.704
car-body
Lateral-and-rolling 0.195 0.139 0.437 0.369 0.321 0.381

movement of car-body,
lateral and rolling swings in
phase

Lateral-and-rolling 0.572 0.641 0.687 0.872 0.805 0.891
movement of car-body,
lateral and rolling swings out
of phase

Lateral movement of bogie 6.961 7.394 12.765 12.467 10.667 11.834

Vertical movement of bogie 4.396 4.203 4.398 5.621 4.371 4.848
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Table 8.7 Allowable values of lateral wheel-rail forces

Type of train Car Static axle load Py Allowable lateral wheel-rail force
type (kN) (kN)

Germany ICE3 Motor 156.96 52.972

EMU Trailer | 143.23 49.082

Japan E500 EMU Motor 127.53 44.634
Trailer 134.89 46.718

China CRH2 ENU Motor 132.44 46.025
Trailer 117.72 41.854

vehicle. One can find that the three trains have quite different frequencies for all the
modes.

The running safety indices for the trains are calculated: For all train types, the
allowance values for the derailment and the offload factor are, respectively, 0.8 and
0.6. Owing to the different axle loads of the considered trains, the allowance values
for the lateral wheel-rail forces are separately given in Table 8.7.

The ice-I load is adopted with the collision intensities from 0 MN to 20 MN, and
the train speed is 200 km/h. Shown in Fig. 8.47 are the curves of the running safety
indices for different trains versus collision intensity, in which the dashed, dotted,
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Fig. 8.47 Distributions of running safety indices of different trains versus collision intensity of
ice-I load (V = 200 km/h)
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and solid horizontal lines represent, respectively, the related allowable values for
the ICE3, E500, and CRH2 trains.

Referring to these figures, the influence of train types on the train running safety
indices can be summarized as follows:

(1) All the running safety indices of different trains increase with the collision
intensity, especially for collision forces bigger than 5 MN.

(2) The influence of collision on the E500 train is the biggest, and the second is on
the CRH2 train, while the influence on the ICE3 is the smallest. For the
derailment factors, offload factors, and lateral wheel-rail forces, the ESOO train
exceeds the related allowances when the collision intensity reaches 12.5 MN,
and so does the CRH2 train when the collision intensity reaches 15 MN.

Keeping the collision intensity of ice-I load as 5 MN, the running safety indices
for ICE3, ES00, and CRH2 trains at the speeds of 200 ~ 350 km/h are calculated,
as shown in Fig. 8.48.

As seen in the figures, when the ice-I load is 5 MN, the distributions of running
safety indices of three types of trains versus train speed can be summarized as
follows:
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(1) In the main trend, all the indices increase with train speed.

(2) When the train speed reaches 320 km/h, the derailment factors of all the three
trains exceed the allowance, and also the offload factor of E500 train. When
train speed reaches 350 km/h, the offload factor of CRH2 train exceeds the
allowance.

(3) For the train speeds ranged from 200 km/h to 320 km/h, the lateral wheel-rail
forces of all the three trains satisfy the allowance. When the train speed reaches
350 km/h, the lateral wheel-rail forces of ICE3 train approaches to or slightly
exceeds the allowance.

8.4.4 Influence of Impulse Form and Duration of Collision
Loads

While keeping the parameters of the bridge and the ICE3 train unchanged, by
changing the form and width of the collision load impulse, the derailment factors,
offload factors, and lateral wheel-rail forces of ICE3 train are calculated to analyze
the influence of impulse form and duration of collision loads on the train running
safety. By comprehensively considering the specifications on collision loads in
various codes, five types of impulse are adopted for analysis, which are triangular
impulse, rectangular impulse, half-sinusoidal impulse, the first impulse of ice-I, and
vessel load, as shown in Fig. 8.49. In the figures, F. is the amplitude, T is the
duration, and Ty is the initial time of the impulse loads.

0; 0 > 0
%‘T‘d— 7 —» »‘T<—T—> %‘T“—TA‘
0 0 0
(a) Triangular impulse (b) Rectangular impulse (c) Half-sinusoidal impulse
F F

F. F,

0 0
| |e— 17— | le— 17—
Ty Ty
(d) First impulse of ice-I (e) Vessel load

Fig. 8.49 Waveforms of various impulse loads
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Keeping the train speed of 200 km/h and load intensity of 5 MN, the derailment
factors, offload factors, and lateral wheel-rail forces of ICE3 train under various
collision loads with impulse width 0.05 ~ 5 s are calculated, as shown in
Figs. 8.50, 8.51 and 8.52.
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Referring to these figures, the influence of impulse form and duration of collision
loads on the running safety indices of the train can be summarized as follows:

(1) For collision loads with the same duration, the rectangular impulse affects the
train running safety most, because it loads on and unloads from the pier as a
step function with the most fast loading rate. For the triangular impulse, it loads
on the pier as a step form but unloads gradually, so it has smaller effect.

(2) With the decrease of pulse width, the influence on train running safety is
enlarged. For the rectangular impulse load less than 0.2 s (smaller than the
fundamental natural period of the bridge, i.e., 0.24 s), the interval between
loading and unloading is very short, so the impact effect is the most obvious,
when the derailment factor, offload factor, and lateral wheel-rail force of ICE3
train approach to or exceed the allowances.

(3) In the five loads, the first impulse of ice-I load has the lowest loading rate, so
when the impulse width is less than 0.2 s, its effect on train running safety is the
smallest.

(4) In general, short impulsive loads (especially when T < 0.2 s) have more
influence on the train running safety. When 7 > 1.0 s, the indices change little
with impulse width.

8.5 A Framework for Running Safety Assessment
of High-Speed Train on Bridge Subjected to Collision
Loads

The previous analyses show that the running safety indices of the train are influ-
enced by the types and intensities of the collision loads, and also the types and the
speeds of the trains. To ensure the running safety of trains on bridges subjected to
collision loads, a further simulation is performed to find out an assessment method
and the corresponding thresholds.

8.5.1 Analysis Method

Collision intensity and train speed are the two main factors affecting the running
safety of train. The threshold speed of trains can be determined according to the
safety evaluation indices in the following way:

(1) Keeping the collision intensity as a constant at each stage, the dynamic
responses of the train are calculated by changing the train speed from 100 km/h
to 360 km/h with an increment of 20 km/h. The running safety indices
(derailment factors, offload factors, and lateral wheel-rail forces) are calculated
and compared with the related allowances. If any of these allowances is
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Fig. 8.53 Determination of the critical train speed for train running safety corresponding to a
collision intensity of 20 MN

exceeded, the previous lower train speed is considered as the critical train speed
for the corresponding collision intensity.

For example, as shown in Fig. 8.53, corresponding to the ice-I load with the
intensity of 20 MN, the derailment factor of the train at V = 200 km/h is 0.724,
which meets the allowance value of 0.8 (the dashed line in the figure). While at
V = 220 km/h, the derailment factor increases to 1.119, which exceeds the allow-
ance. At this time, no matter whether the offload factor and the lateral wheel-rail
force exceed the related allowance values or not, V = 200 km/h is regarded as the
critical train speed corresponding to the collision intensity of 20 MN.

(2) Then, the collision intensity is changed from 0 MN (no collision) with an
increment of 2.5 MN. For each kind of collision intensity, the dynamic
responses of the train vehicles are calculated at different train speeds. In this
way, the critical train speeds related to all collision intensities considered are
acquired.

Herein, the analysis is limited to the case where the bridge produces strong
vibration but is not damaged when it is subjected to collision. Therefore, the col-
lision intensity is limited to 40 MN for this bridge, to ensure the structure can still
work in the elastic stage.

8.5.2 Threshold Curves for Running Safety of ICE3 Train
on the Bridge Subjected to Ice-I1 Collision Load

The procedure to determine the threshold curves for train running safety is illus-
trated by using the continuous bridge, the ICE3 train, and the ice-I collision load as
an example. The maximum values of running safety indices are calculated, in the
case of the train travelling at different speeds on the bridge subjected to collision
loads with different intensities. The results for the derailment factors are listed in
Table 8.8.
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It can be noticed that the maximum derailment factor increases with the train
speed in general for each collision intensity, and it will exceed the allowance of 0.8
when the train speed reaches a certain value. The train speed at the previous lower
level is regarded as the critical train speed corresponding to this collision intensity.
Similar tables can be obtained for the offload factors and the lateral wheel-rail
forces.

By plotting the calculated results in a coordinate system, with the abscissa
representing the collision intensity and the ordinate the train speed, a group of
relationship curves between the critical train speed and the collision intensity can be
obtained, as shown in Fig. 8.54. The curves define the boundary of safety zones for
the high-speed train on the bridge subjected to collision with various intensities,
corresponding to the derailment factors, offload factor, and lateral wheel-rail forces
of motor-car and trailer-car, respectively.

The curve in each figure divides the whole zone into two parts. In the lower left
zone, the running safety index meets the related allowance given in Table 8.5,
indicating that the running safety of the train can be ensured, while in the upper
right zone, the index exceeds the related allowance, indicating that the running
safety of the train cannot be guaranteed.

Furthermore, the lowest critical train speeds for different collision intensities are
connected, forming an inscribed curve, as the thick line shown in Fig. 8.55. This
inscribed curve divides the whole zone into two parts. In the lower left zone, all the
running safety indices meet the related allowances, indicating that the running
safety of the train is ensured, while in the upper right zone, at least one of the
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Fig. 8.54 Threshold curves of train speed versus impact intensity for running safety of ICE3



8.5 A Framework for Running Safety Assessment of High-Speed ... 463
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indices exceeds the related allowance, indicating that the running safety of the train
cannot be guaranteed.

From the figure, it can be observed that the running safety indices of the train are
influenced comprehensively by the collision intensity and the train speed.

(1) The greater the collision intensity, the lower the allowable train speed for
running safety. In the case without collision load, all indices meet the related
allowances for the train speed up to 320 km/h. With the increase of collision
intensity, the train should gradually lower its speed to ensure the running safety.
When the collision intensity reaches 35 MN, the train can only run safely at the
speed of 100 km/h.

(2) The higher the train speed, the smaller the collision intensity that the
train-bridge system can sustain. At V = 200 km/h, the train can run safely for a
collision intensity up to 20 MN; at V = 250 km/h, the allowable collision
intensity is lowered to less than 15 MN; while at V = 300 km/h, only 5 MN
collision intensity is allowed to ensure the train running safety.

8.5.3 Comparison of Running Safety Thresholds
for Different Collision Loads

Some bridges may suffer different types of collision loads. For example, for a bridge
across a river that freezes in winter while it is open to navigation in summer, it may
be collided by a vessel in summer as well as by ice-floes in early spring.
Considering this case, the running safety threshold curves for the ice-1I load and
vessel load are also obtained in a similar way, and the three curves are plotted in a
same figure, as shown in Fig. 8.56.

Because the different collisions do not happen at the same time, a comprehensive
threshold curve for running safety of the ICE3 train is acquired, which is the
inscribed curve that connects the lowest critical train speeds for each of the three
collision loads, as the thick line shown in the figure.
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From all three collision loads, the ice-1I load has the biggest influence on the
running safety of the ICE3 train. For example, for the vessel load of 15 MN, the
safety train speed is V = 320 km/h, for the ice-I load, it is lowered to 200 km/h,
while for the ice-II load, the train can only run safely at 180 km/h. Thus, the
boundary of safety zone is decided mainly by the ice-II load.

Comprehensively considering three types of loads, when the collision intensity
F. =15 MN, the running safety of the ICE3 train at the speeds of 200 km/h and
250 km/h will be affected; while when F. = 10 MN, the speed limit for ICE3 train
will be 300 km/h.

8.5.4 Comparison of Running Safety Thresholds
Jor Different Trains

Similar to Fig. 8.56 for the ICE3 train, the threshold curves can be obtained for the
E500 and CRH2 trains, as shown in Fig. 8.57, to study the effects of collision on
different types of high-speed trains.
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Fig. 8.57 Threshold curves of train speed versus impact intensity for running safety of ES00 and
CRH2 trains under various collision loads
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It is observed from Figs. 8.56 and 8.57 that obvious differences exist between
the threshold curves for different trains. Comparatively for the three trains, the ice-1I
load has the biggest influence on the running safety of the trains. This is especially
true for the ICE3 and ES500 trains where the threshold curves are completely
determined by the ice-II load.

The comprehensive threshold curves for the three trains (the inscribed curves in
Figs. 8.56 and 8.57) are resumed in Fig. 8.58.

Referring to the figure, the influence of train types on the running safety of trains
can be summarized as follows:

(1) With the increase of collision intensity, the train has to lower its speed to ensure
the running safety. For example, the safety train speed for E500 is 300 km/h for
the collision intensity up to 5 MN, and it is 280 km/h for the collision intensity
of 7.5 MN, while it can only run at a speed lower than 200 km/h when the
collision intensity is 10 MN.

(2) Considering all three collision loads, the running safety threshold curves for the
three trains show the same tendency: ES00 is the most sensitive to collision,
CRH2 is the second, and ICE3 is the less sensitive. For example, the ES00 can
run safely at 300 km/h when no collision is applied on the bridge. When the
collision intensity reaches to 20 MN, the safe train speed of ES00 is lowered to
100 km/h, while under the same intensity, CRH2 can run at 120 m/h and ICE3
at 140 km/h. Only when the collision intensities reach to 22.5 MN and 25 MN,
the safe running speeds of CRH2 and ICE3 trains reduce to 100 km/h.

(3) From the above analysis and referring to Tables 8.7 and 8.8, one can notice that
for the three types of trains, E500 has the lightest axle load and the highest
natural frequencies (especially those of the bogies), while ICE3 has the heaviest
axle load and the lowest natural frequencies. For a train vehicle, higher fre-
quency of the bogie usually means larger suspension stiffness between the
bogie and the wheel-sets, so it can be concluded that the running safety of the
train with smaller axle load and larger suspension stiffness is more easily
influenced when the bridge is collided.
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8.6 Conclusions

The following conclusions can be drawn from the case study:

(1) A collision load has an obvious effect on the dynamic responses of the bridge.
The lateral displacement and acceleration responses of the bridge subjected to a
collision are much greater than the ones without collision. The lateral dis-
placement of the bridge is more influenced by a collision load with a long pulse
related to the natural period of the bridge, while the acceleration is more
influenced by a load with a short pulse and a fast loading rate.

(2) Vibrations induced by collision loads have a great effect on the dynamic
responses of high-speed trains. The running safety of the train is affected by
both the type and intensity of the collision load acting on the bridge, and the
type and running speed of the train. Strong collision may threaten the running
safety of high-speed trains. Generally, the greater the collision intensity and the
higher the train speed, the bigger the influence of collision on the running safety
of the train. The running safety of the train can be evaluated by the threshold
curve between train speeds and collision intensities.

(3) For the high-speed train on the bridge, the running safety indices are mainly
influenced by the peak value and the width of the pulse of the collision load.
The pulse with short duration time and fast loading rate has a bigger influence
than the pulse with long duration time and slow loading rate.

(4) The sensitivities of the running safety indices to a collision are dependent on
train type. The running safety of the train with lighter axle loads and larger
suspension stiffness is more easily affected when the bridge is collided.

(5) The proposed methodology may provide a reference for the dynamic design of
railway bridges.

Dynamic analysis of coupled train-bridge systems subjected to collision loads is
a rather complex problem, which is related to the running speed of the train, the
structural form of the bridge, the intensity, and acting position of the collision load,
and many other factors. In this paper, only a preliminary study is performed and
illustrated by a case study. The proposed analysis framework and the calculation
results may provide a reference for the dynamic design of high-speed railway
bridges subjected to vessel collision.

Moreover, in this study, only the case was considered where the bridge produced
strong vibration but not damaged when it was subjected to a collision. When the
structure is damaged by the collision, the structure may produce plastic deforma-
tion, which may not only change the structural properties of the bridge, but also
seriously influence the profile of the track on the bridge, inducing a direct derail-
ment risk of the train. This situation is much more complicated and will be con-
sidered in the future study.
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