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ABSTRACT 
 
The seismic behavior of bridge cranes is an important safety issue for nuclear plants. An efficient time-
history dynamic analysis is necessary to study the earthquake response of bridge cranes, in order to take 
into account the non-linear effects, such as the multi-contacts/impacts during the wheel-rail interaction. 
Here, three-dimensional non-linear seismic analysis is carried out in MATLAB using heterogeneous 
asynchronous time integrator for frictional contact/impact problems. With the proposed hybrid non-linear 
simulation technique, the computational time of three-dimensional numerical simulations is considerably 
reduced and it becomes possible to carry out three-dimensional detailed simulation of bridge cranes under 
earthquake with a reasonable computational time and an adequate modelling of the impacts and frictional 
contacts. Two different methods to impose the seismic solicitations have been also investigated. The 
numerical results obtained by the hybrid approach are validated in comparison with the full-explicit 
simulation, highlighting the accuracy and computational efficiency of the hybrid approach.  

 
 

1.INTRODUCTION 
 

The seismic behavior of bridge cranes is a very important safety issue for in nuclear power plants (NPPs), 
because they are widely applied in nuclear plants as handling devices for refuelling, maintenance and 
installation of heavy equipment. The bridge crane’s failure has been also identified as a significant 
contributor in the probability of core meltdown in the context of seismic Level 1 Probabilistic Safety 
Assessment (PSA) studies performed on nuclear power plants (Richard et al. 2022). Under earthquake, the 
bridge crane is subjected to multi-contacts/impacts during the wheel-rail interaction. In order to take into 
account such non-linear effects, an efficient time-history dynamic analysis is necessary. However, in the 
literature, only some simplified numerical models in this field have been employed due to the important 
computation time of three-dimensional numerical simulations (Feau et al. 2015). Here, three-dimensional 
explicit/implicit multi-time step simulations are carried out in the framework of Heterogeneous 
Asynchronous Time Integrator (HATI) for non-smooth transient dynamics. With the proposed hybrid non-
linear simulation technique, the computational time of three-dimensional numerical simulations is 
considerably reduced and it becomes possible to carry out three-dimensional detailed simulation of bridge 
cranes under earthquake with a reasonable computational time and an adequate modelling of the impacts 
and frictional contacts. As shown in Fig.1, an explicit time integrator for frictional contacts/impacts based 
on the velocity-impulse formulation (Fekak et al. 2017, Di Stasio et al. 2021) is only applied in the contact 
areas with a fine time scale satisfying the stability condition (Hughes 1987) to treat the non-linear wheel-
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rail interaction, while an implicit time integrator is adopted in the other parts with a large time step to reduce 
the computational time. The coupled multi-time step explicit/implicit problem is treated by a dual coupling 
approach providing a full versatility in terms of time integrators and time step sizes according to the 
partitions (Brun et al. 2015, Gravouil et al. 2015). Two different methods to impose the seismic solicitations 
have been also investigated. The numerical results obtained by the hybrid approach are validated in 
comparison with the full-explicit calculation, highlighting the accuracy and computational efficiency of the 
hybrid approach. 
 

 

 
Figure 1. Numerical model of 1/5 scale mock-up of an overhead bridge crane divided into explicit 

subdomain (red) and implicit subdomain (green) 
 

 
2. MULTI-TIME STEP EXPLICIT/IMPLICIT COUPLING APPROACH WITH FRICTIONAL 
CONTACTS/IMPACTS 
 
In order to study the non-linear seismic behavior of bridge cranes, the implementation of the multi-time 
step explicit/implicit approach with frictional contacts/impacts in MATLAB is briefly presented in this 
section. The explicit event-capturing time integrator using Central Difference (CD) scheme is presented to 
treat the frictional contact/impact problems experienced by bridge cranes under earthquake, called CD-
Lagrange scheme, which need no additional numerical parameters in comparison with the penalty  method 
Then, the heterogeneous asynchronous coupling method (Brun et al. 2015, Gravouil et al. 2015) is 
employed to couple the explicit time integrator with the classical Newmark implicit time integration, in 
which a large time step can be adopted to reduce the computational time.  
 
2.1 Explicit time integrator for frictional contact/impact problems 
 
After the classical finite element discretization and the time discretization using Central Difference scheme, 
the semi-discrete non-smooth dynamic equation of a frictional contact/impact problem, based on the 
velocity-impulse formulation, can be written as below: 
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Here, the impulse term 𝐼!"% concerning all the degrees of freedom at the interface potentially in contact is 
represented by three Lagrange multiplier vectors to ensure frictional contact/impact conditions including 
the vertical contact/impact, the lateral contact/impact and the tangential friction between wheels and rails 
in the problem of crane bridges. 𝐿*,!"% is the Boolean constraint matrix to identify the degrees of freedom 
for the vertical contact,  𝐿,,!"% is to select the degrees of freedom in the lateral contact, and 𝐿+,!"% is for 
the degrees of freedom involved in the tangential friction. The velocity can be decomposed into a smooth 
part and three non-smooth parts 𝑈̇

!"!"

* 	, 𝑈̇!"!"
, , 𝑈̇!"!"

+ 	which can be calculated by the corresponding Lagrange 

multiplier in the impulse.  
 

𝑀𝑈̇
!"#$

-.&& = 𝑀𝑈̇
!"%$

+ ∆𝑡 (𝐹&'(,!"% − 𝐶𝑈̇!"%$
− 𝐾𝑈!"%-																																												(3) 

 
𝑀𝑈̇

!"#$

* = 3𝐿*,!"%5
+𝜆

*,!"#$
																																																																				(4)	

	
𝑀𝑈̇

!"#$

, = 3𝐿,,!"%5
+𝜆

,,!"#$
																																																																						(5)	

	
𝑀𝑈̇

!"#$

+ = 3𝐿+,!"%5
+𝜆

+,!"#$
																																																																						(6)	

	
The non-smooth transient dynamic equation Eq. (1) is completed by velocity-impulse Hertz–Signorini–
Moreau (HSM) contact conditions. For example, in the case of the vertical contact/impact, the discretized 
kinematic constraint imposed on the contact interface is written in terms of velocity as follow: 𝐿*,!"%𝑈̇!"!"

=	
0, which means that there is no relative movement at the contact interface. Multiplying the non-smooth 
equation by 𝐿*,!"%𝑀/%, the local impact/contact equation can be obtained: 
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𝐻* is the interface operator, which is already known. The right hand-side vector 𝑏*,!"!"

 only depends on 

the smooth velocity calculated by Eq. (3). Once derived the Lagrange multiplier vector, the non-smooth 
velocity associated to the vertical contact/impact can be computed. The horizontal contact/impact case or 
the tangential friction can be obtained in the same way. After calculating the smooth velocity and non-
smooth velocity due to the frictional contact/impact, we can obtain the displacement, velocity and 
acceleration for the next time step. 
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2.2 Multi-time scale explicit/implicit subdomain coupling  
 
The time step in Central Difference method is limited by the critical time step. Moreover, the introduction 
of numerical damping like Rayleigh damping could decrease further the time step. To reduce the 
computational time, only a small contact zone is integrated in time by CD-Lagrange algorithm. The other 
parts are integrated in time with classical Newmark implicit time integration associated with a larger time 
scale because it is unconditionally stable (Newmark 1959). The velocity continuity is ensured between the 
two subdomains by Lagrange multipliers on the basis of the GC coupling method. The explicit/implicit 
subdomain coupling problem with frictional contacts/impacts is written in the discrete form in space and 
time as follows:  
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3.NUMERICAL RESULTS 
 
As shown in Fig.1, the numerical model is composed of trolley, girder beams, end truck beams and runway 
beam. Three-dimensional explicit/implicit multi-time step simulation is carried out under the seismic 
excitation represented in Fig.2, after the application of the gravity, with the time step ratio m between two 
subdomains equal to 100, which means that the time step in implicit subdomain is 100 times lager the time 
step in explicit subdomain. The non-linear seismic behavior, such as detachment and sliding at the contact 
interface, is investigated by HATI simulation, in comparison with reference results provided by full explicit 
simulation. In this comparison, the Rayleigh damping is not introduced in order to have a reasonable 
calculation time for full explicit simulation, because the introduction of Rayleigh damping leads to the 
important reduction of the critical time step in explicit scheme (Li et al. 2023, Belytschko et al. 2000). The 
friction coefficient in wheel-rail interaction is considered as 0.23. The different components of the bridge 
crane are assumed to be elastic. Concerning the boundary conditions, the clamped boundary conditions are 
applied on the bottom surface of the end of the runway beams.     
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Figure 2. Three-directional seismic input in terms of acceleration  
 

 
In Fig.3 (a), the vertical displacement at the center of the girder beam calculated by HATI is compared with 
the full explicit results. The comparison concerning the vertical relative displacement of the trolley with 
respect to the girder beam is plotted in Fig.3 (b). It can be seen that the results of HATI simulations achieve 
a very good agreement with the reference results. The detachment and recontact between the trolley and 
the girder beam are well reproduced by HATI simulation. Fig.4 (a) shows the sliding of the trolley on the 
rail of the girder beam in X direction and Fig.4 (b) provides the sliding of the end truck beam on the runway 
beam in Y direction. As observed, we have a satisfactory agreement between the HATI simulations and full 
explicit simulation.   

  

                                      (a)                                                                                (b) 

Figure 3. (a) Vertical displacement at the center of the girder beam (b) Vertical relative displacement of 
the trolley with respect to the girder beam 
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                                      (a)                                                                                (b) 

Figure 4. (a) Sliding of the trolley on the girder beam along the X-axis (b) Sliding of the end truck beam 
on the runway beam along the Y-axis 

In terms of computational time, HATI simulaiton is about six times quicker than the full explicit 
computation. It should be noted that, in this comparison, Rayleigh damping is not introduced. If Rayleigh 
damping including both mass and stiffness contributions is introduced in the full explicit simulation, with 
the decrease of the critical time step, the difference will be more significant (Li et al. 2023, Belytschko et 
al. 2000).  

   
 
Figure 5. (a) Vertical displacement at the center of the girder beam (b) Sliding of the trolley on the girder 

beam along the X-axis 

Finally, two methods to impose the seismic solicitations are investigated. In structural dynamics, the seismic 
acceleration signal is classically applied to the whole model as an external force to simulate the earthquake. 
In the case of bridge cranes, all the components will be subjected to the same signals. This is true when 
there is a rigid body without non-linear effect like detachment or sliding. However, when these non-linear 
effects are taken into account, the acceleration applied on each component is different. For example, in 
reality, the sliding of the trolley is due to the frictional force between the trolley and the girder beam. The 

- - - - External force
Velocity

- - - - External force
Velocity
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maximum effort transmitted to the trolley is controlled by the frictional law, which means that the 
acceleration cannot exceed the maximum acceleration provided by the frictional force which depends on 
the normal contact force and the friction coefficient. In this case, the acceleration applied on the trolley may 
not be the same as the seismic signal. For this purpose, the acceleration signals of the earthquake are 
transformed into velocity signals. The three-dimensional velocity signals are applied to the boundary 
conditions on the runway beams via Lagrange multipliers. In this manner, the behavior of the trolley is 
controlled directly by the frictional contact / impact, not by the seismic acceleration signals. 

 

Figure 6. Sliding of the end truck beam on the runway beam along the Y-axis 

The comparison between the two methods is shown in Fig.5 and Fig.6 using the hybrid approach. To better 
illustrate the difference between the two methods, the frictional coefficient is chosen to be 0.01. For the 
detachment and recontact shown in Fig.5 (a), in the case that the acceleration is applied to the whole model 
as an external force, even though the trolley is detached, the external force is still applied on the trolley, 
which is not true and could affect significantly the relative movement. Concerning the sliding in Fig.5 (a), 
and Fig.6, as discussed before, with the external force method, the acceleration applied on the trolley could 
surpass the maximum acceleration provided by the frictional force, which can explain why the sliding of 
the trolley is more important. On the contrary, the application of the earthquake by Lagrange multipliers 
reproduces better the reality and gives the freedom to apply a different acceleration for each component of 
the structure under seismic motion. 

 
4. CONCLUSION 
 
Three-dimensional detailed simulations of bridge cranes under earthquake are carried out in MATLAB with 
a reasonable computational time and an adequate modelling of the impacts and frictional contacts. using 
heterogeneous asynchronous time integrator for frictional contact/impact problems. The comparison 
between HATI simulation and full explicit computation gives a satisfactory agreement, illustrating the 
accuracy and the efficiency of the proposed hybrid approach. Two different methods to apply the seismic 
solicitations have been also investigated. The comparison between the two methods shows that it is 
preferable to apply the earthquake by Lagrange multipliers in terms of velocity on the boundary conditions 
to reproduce the non-linear behavior. In the future work, the influence of differential motions of the crane 
supports could also be analysed on the basis of the proposed numerical model.    
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