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Abstract: The structural design of temporary 

storage facilities for radioactive waste generally 

requires the fulfillment of highly severe perfor-

mance criteria if compared to conventional 

buildings [1, 2, 4]. The present work focuses on 

the study of the behavior of a steel door subject 

to the impact of extreme wind generated mis-

siles, which is one of the most demanding exter-

nal events to account for. Two different kinds of 

scenario are considered: the first involves quasi-

rigid small objects with limited mass and high 

translational velocity (hard impact); the latter 

involves massive objects with smaller velocity 

and larger contact areas (soft impact). Contact is 

here modeled both by imposing the non-

penetration constraint in average terms, and by 

approximating the distribution of contact pres-

sure over the impact area. Moreover, the nonlin-

ear material behavior modeling allows one to 

account for the energy dissipation capabilities of 

the structure. 
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1. Introduction 

The simulation of impact phenomena is one 

of the most challenging issues in the field of 

computational mechanics applied to engineering, 

mostly due to the rapid improvement of high-

performance computing capabilities, as well as in 

the implementation of efficient numerical meth-

ods. 

In the present work, the structural response 

of a steel door under impact loading is simulated. 

As above mentioned the effect of the collision 

with two different objects is studied: a circular 

steel tube and an automobile, representative of 

hard and soft impact respectively. The door 

structure is composed by a 10 mm thick steel 

panel with stiffening ribs and supported by a 

frame of UPN, HEA and IPE beams. All the 

parts are assembled with welded joints. A 3D 

view of the door structure is displayed in Figure 

1, while Table 1 lists the main characteristics of 

the design missiles. 

In the common practice the structural re-

sponse is often evaluated by using approximated 

methods, based on simple models, and/or on the 

explicit definition of contact forces [2, 3]. How-

ever, these methods do not completely capture 

the evolution of the phenomenon and, in some 

cases, may lead to incorrect design choices. For 

these reasons, the evaluation of the mutual ex-

change of forces during the impact event should 

be determined by an explicit multi-body interac-

tion analysis. 
 

 

Figure 1. Back side 3D view of the single leaf of the 

steel door. The dimensions are 2.1 (width) × 4.0 m 

(height). 

 
Table 1. Main characteristics of the missiles. 

  automobile steel tube 

mass [kg] 1000.00 35.0 

velocity [m/s] 12.25 24.5 

kinetic energy [kJ] 75.00 10.5 

linear 

momentum 
[kg m/s] 12250.00 857.5 

 

The formulation of contact adopted in the 

present work, described in Section 2, is based on 

simple mapping tools directly implemented and 

available in Comsol Multiphysics. Provided that 

shielding panel 

stiffening ribs 

supporting frame 

supporting hinge 

bracket pin-hole  



 

the shape and the extension of the interface area 

do not change during the impact event, or equiv-

alently, that the variation of these characteristics 

is reasonably negligible, this approach guaran-

tees reduced computational times if compared to 

classical contact formulations, since no search 

algorithm is required. 

2. Model formulation 

The numerical simulations are carried out by 

using Comsol Multiphysics Structural Mechanics 

and Nonlinear Structural Materials modules. 

Geometrical data of the door are acquired with 

the CAD Import module. 

Both the impacting objects (target and mis-

sile) are explicitly included in the finite element 

models. In particular, solid, for 2D and 3D simu-

lations, and shell elements, for 3D simulations 

only, are used. 

Contact is here modeled exploiting the gen-

eral extrusion tool under the model definition 

node of the Model Builder window. Let genext1 

and genext2 be the mapping operators acting on 

the facing contact surfaces of the target and the 

missile respectively. Then, the expression 

)genext2()(Δ MTM uuuuu  , (1) 

defined on the target surface, provides the differ-

ence between the values of the field variable u 

computed on the target and on the missile. Anal-

ogously, the same quantity can be evaluated on 

the missile impact surface as 

uuuuu  )genext1()(Δ MTT . (2) 

If u is the displacement component along the 

normal to the contact surface, eqs (1) and (2) 

provide the local gap distance between the im-

pacting objects, denoted as d in the following. 

The contact force per unit area is then ex-

pressed as a function of the gap distance and its 

time derivative: 

  )( )( ),( ccc dhdhdcdkuuF   , (3) 

in which kc and cc are the elastic spring and the 

viscous damper penalty constants acting on the 

contact interface, while h(x) is the unit step func-

tion centered in x = 0. It can be easily verified 

that Fc is non-null when d > 0, which defines the 

penetration condition of the impacting objects. 

Analogously, the viscous term is non-null when 

the penetration value is increasing. 

As an alternative, when the impact area is 

small if compared to the characteristic structural 

dimension of the target, as in the case of the steel 

tube collision, one can consider the averaged 

values, over the contact area, of gap distance and 

gap velocity. 

The formula in eq (3) is used within the 

Comsol model to define the boundary loads ap-

plied to the target and the missile surfaces, con-

sidering for the gap evaluation expressions (1) 

and (2) respectively. Friction effects are neglect-

ed in this study. 

The penalty constants kc and cc have to be set 

in order to keep the penetration magnitude rela-

tively small, and to avoid spurious high frequen-

cy vibrations which may arise due to local 

modes, generally related to the characteristic 

elements dimension. 

The viscous constant is expressed in the fol-

lowing form: 

mkc cc  2 , (4) 

where ξ is the non-dimensional damping factor 

and m is the effective mass involved in the con-

tact process. In this work, we conventionally set 

m equal to the total missile mass. 

Dynamic equilibrium equations are solved 

via a step-by-step time integration algorithm 

based on second order backward difference for-

mulas. This choice is recommended for two main 

reasons: first, the evolution of contact forces, 

which are frequently subject to large amplitude 

variations, needs extra robustness properties to 

be correctly captured and to avoid stability is-

sues; secondly, the intrinsic numerical damping 

which characterizes this family of time integra-

tion schemes, can be useful to reduce the above 

mentioned spurious contributions related to the 

large value of the penalty stiffness constant. 

3. Model validation 

Validation tests were performed on a simpli-

fied 2D axisymmetric elastic model of a circular 

plate hit by a cylindrical hollow tube, having the 

properties listed in Table 1. 

The diameter of the plate is 1 m and the 

thickness 10 mm, the external diameter of the 

tube is 76.2 mm (3 in) and a wall thickness of 

6.8 mm is assumed. The clamped end condition 

at the boundary of the plate is simulated by con-

centrating a large mass (say almost infinite) at 



 

 

Figure 2. Geometry of the axisymmetric model of the 

circular plate (axes units are in mm). 

 

 

Figure 3. Particular of the mesh of the axisymmetric 

model. 

 

the external border, as denoted in red in Figure 2. 

Contact forces are in this case averaged over the 

impact area. A particular of the mesh is shown in 

Figure 3. Finite elements with first order shape 

functions are adopted in the model. 

The quality evaluation of the numerical re-

sults is carried out by monitoring the evolution 

of some key variables during the analyses, with 

the twofold objective to check the fulfillment of 

global energy and linear momentum balance 

principles, and to set the relevant parameters and 

tolerance thresholds of the solution algorithm. 

Let consider the linear momentum balance 

principle applied to the missile body; one can 

write: 
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in which ρ is the mass density, a and v are the 

acceleration and velocity, and PM is the linear 

momentum of the missile. The time histories of 

computed contact force and linear momentum 

derivative are compared in Figure 4, showing a 

perfect match during the impact event, even 

though some small discrepancies can be ob-

served afterwards. 

 

Figure 4. Axisymmetric model, comparison between 

the contact force and the variation of missile linear 

momentum. 

 

 

Figure 5. Axisymmetric model, comparison between 

missile and plate linear momentum. 

 

Let now consider the whole system, includ-

ing the missile and the plate: since external forc-

es are null, the global momentum must be con-

stant throughout the analysis, as it can be veri-

fied in Figure 5. 

The curves of kinetic and strain energy of the 

system are displayed in Figure 6. The oscilla-

tions of total energy during the impact are due to 

 

 

Figure 6. Axisymmetric model, time histories of ki-

netic and strain energy of the system. 



 

the accumulation of strain energy in the contact 

spring layer, while a limited decrease can be 

noted comparing the final and initial values of 

total energy. Such a decrease, which is admissi-

ble in this context, is both due to the time inte-

gration scheme and to the contact penalty damp-

er at the interface between the impacting objects. 

Finally, it is worth noticing that the area un-

der the computed contact force curve is consid-

erably larger than the value of initial linear mo-

mentum of the steel tube. This is justified since 

the simulated impact is almost perfectly elastic, 

and the missile has a non-null rebound velocity 

after the collision, so that the time integral of the 

contact force is equal to the difference between 

the linear momentum computed after and before 

the collision. 

4. Hard impact 

The case of hard impact on the door is simu-

lated by considering a local model of a single 

square frame of the shielding panel. This is justi-

fied since the fundamental period of the door, 

approximately 0.031 s, is much larger than the 

typical impact duration, meaning that the local 

response of the steel panel and the global re-

sponse of the door structure can be reasonably 

considered as decoupled. 

4.1. Model description 

The size of the plate considered in the analy-

sis is 780 × 780 mm, with a thickness of 10 mm. 

Analogously to what done in Section 3, the mis-

sile is modeled as an hollow tube having an ex-

ternal diameter of 3 in. 

Exploiting the symmetries of the problem, 

both in terms of geometry and loading, one 

height of the square plate is modeled only, as 

shown in Figure 7. The mesh is refined towards 

the impact area at the center of the square, more-

over, the discretization of the plate along the z 

axis is organized in layers, with elements of 

smaller thickness at the top and bottom faces. 

First order shape functions finite elements are 

adopted. An elastic-plastic constitutive law with 

Von Mises yielding function and isotropic hard-

ening is assumed for the plate, while the missile 

material is considered as linear elastic, with the 

same elastic properties. Table 2 lists the relevant 

parameters used. 

The contact penalty parameters used are: 

 

Figure 7. Square plate model, boundary conditions 

and mesh of the model. 

 

kc Ai = 5.0 ∙10
5
 kN/m,   ξ = 0, 1, (6) 

Ai being the impact area. 

 
Table 2. Material parameters adopted for the door 

steel panel. 

parameter symbol value 

Young modulus E 210000 MPa 

Poisson modulus ν 0.3  

initial yielding stress σy,0 410 MPa 

hardening modulus Eiso 654 MPa 

4.2. Results 

The resulting contact force and displacement 

at the center of the plate are plotted in Figure 8, 

where the influence of the penalty damping is 

shown: if ξ = 1, high peak values of force are 

observed in the very first time instants, while a 

smaller damping ratio is more conservative. The 

duration and the shape of the force is similar to 

the curve obtained for the axisymmetric model of 

the circular plate. The maximum displacement, 

reached at the instant t = 3 ms, is 40 mm, with 

33 mm of permanent deflection. 

The development of plastic deformations is 

mostly localized in proximity of the impact area, 

at the opposite side with respect to the contact 

interface, as it can be seen in Figure 9. The max-

imum effective plastic strain is 14%, which is 

compatible with the characteristic failure param-

eters of the steel adopted, 20% being the mini-

mum rupture elongation in a uniaxial test. 

In this case, the resulting rebound velocity of 

the missile is about 6.1 m/s, meaning that during 

the impact the 94% of the kinetic energy pos-

sessed by the steel tube (9.85 kJ) is transferred to 

the plate. 



 

 

Figure 8. Square plate model, contact force and dis-

placement time histories. 

 

 

Figure 9. Square plate model, contour plot of effective 

plastic strain at the instant t = 3 ms, deformed shape is 

not amplified. 

 

Simplified formulas to evaluate the perma-

nent deflection and the time instant correspond-

ing to the peak displacement of the plate may be 

taken from [5, 6 (§ 7.9.2)]. Under the hypothesis 

of a rigid-perfectly plastic material, the predic-

tion for a fully clamped square plate hit by a rig-

id mass, substituting geometrical and material 

data, is: 26 mm of permanent displacement and 

peak value reached at ~ 2 ms. However, it has to 

be noticed that the accuracy of this approxima-

tion decreases if the ratio between the masses of 

the missile and the plate is small (~ 0.73), as in 

the present case. 

The capability of a structure to dissipate en-

ergy is often evaluated by the so called push-

over analysis, which provides the characteristic 

force-displacement curve, up to the failure of the 

system, determined by a maximum admissible 

ductility ratio. 

Figure 10 displays the force-displacement 

curve obtained by applying an increasing uni-

form load to the impact area of the plate. The 

unloading phase starts from the maximum dis-

placement computed in the dynamic contact 

simulation. Notice that, due to the boundary con-

straints, the structural response is influenced by 

membrane contributions from the very first steps 

of the test. 

The area included within the loading and un-

loading curves, which is the energy dissipated in 

a quasi-steady cycle, is about 7 kJ. Therefore, in 

this case an equivalent static approach would 

have led to a larger demand of ductility. 

 

 

Figure 10. Pushover curve of the square plate. Force 

is applied to the impact area, control displacement is 

the maximum transverse deflection. 

5. Soft impact 

In the case of soft impact the analysis simu-

lates the collision with an automobile having a 

mass of 1000 kg and a velocity of 12.25 m/s. 

Experimental data are available [2] showing that 

the impact of a typical automobile on a rigid wall 

produces a reaction force time history whose 

shape can be analytically approximated as 

)20sin(  )( 0 tvmatQ  , (7) 

defined within the interval (0 : 0.025 π) s, m and 

v0 being the missile mass and initial velocity, 

while a is a coefficient, expressed in s
−1

, such 

that the integral of the curve described by eq (7) 

is equal to the linear momentum P = m v0 of the 

automobile. One obtains a = 20 s
−1

, therefore, the 

peak value of Q(t) is 24.5 kN (mean value is 

15.6 kN, corresponding to a mean deceleration of 

15.9 g). This implies the assumption of a perfect-

ly inelastic collision, meaning that both bodies 

have the same motion after the impact. 

5.1. Missile calibration 

In the present work, the missile is modeled as 

a solid block having the same global mass and 



 

velocity of the reference automobile. The dimen-

sions of the block, in meters, are 1 × 1.6 × 4 (H × 

L × P), H × L being the impact area. The pro-

gressive damage of the automobile structures and 

the resulting internal dissipation of kinetic ener-

gy is globally reproduced by considering an elas-

tic-plastic constitutive law with Von Mises yield-

ing function and isotropic hardening. The me-

chanical characteristics of the material and the 

mass distribution are tuned, under the hypothesis 

of infinitely rigid target, in order to obtain a reac-

tion force time history which approximately re-

produces the curve Q(t). The contact penalty 

parameters used in the simulations are: 

kc Ai = 5.0 ∙10
5
 kN/m,   ξ = 0. (8) 

The resulting mean values of peak penetration 

obtained in the tests do not exceed some tenth of 

millimeter, which is compatible with the infinite-

ly rigid target constraint. 

Several numerical tests were made to inves-

tigate the sensitivity of the model to the variation 

of each parameter. Table 3 lists the optimal com-

bination of parameters identified by the tests for 

the material constitutive law; while the mass is 

distributed as follows: 97.5% of the mass is con-

centrated on the face opposite to the impact side, 

while the remaining 2.5% is uniformly distribut-

ed on the volume of the block. 

 
Table 3. Material parameters adopted for the automo-

bile solid model. 

parameter symbol value 

Young modulus E 100000 kPa 

Poisson modulus ν 0.3  

initial yielding stress σy,0 4.9 kPa 

hardening modulus Eiso 500 kPa 

 

As an example, Figures 11 and 12 show the 

influence of the mass distribution and the hard-

ening modulus value on the shape and the dura-

tion of the contact force time history, in compari-

son with the target curve. 

As noted in Section 3, the area under the 

curves of the computed contact force is still larg-

er than the value of initial linear momentum of 

the automobile, even though to a lesser extent. In 

particular, in this case the rebound velocity is 

much smaller than the initial value. Such a con-

dition is very close to, although moderately more 

conservative than the above stated hypothesis of 

perfectly inelastic collision at the basis of the 

analytic approximation in eq (7). 

 

Figure 11. Missile model calibration, influence of 

mass distribution. The values in percent are referred to 

the amount of mass concentrated on the face opposite 

to the impact side. 

 

 

Figure 12. Missile model calibration, influence of 

isotropic hardening modulus, defined as Eiso = kiso E. 

5.2. Model description 

As described in Section 1, the door structure 

is basically made of a supporting frame and a 

shielding panel. In the FE model, shell elements 

 

 

Figure 13. Door model, 3D view of the mesh includ-

ing the missile. 



 

are used for the latter, while all the remaining 

parts are discretized with solid elements. 

The material properties of the missile are de-

scribed above (see Section 5.1). As for the door 

structure, plastic behavior is assumed for the 

parts modeled with solid elements only, with 

σy,0 = 235 MPa, and Eiso = 235 MPa, whilst the 

shielding panel is considered as linear elastic. 

This is justified because of the large value of 

initial yielding stress of the panel steel, meaning 

that no plastic deformations are expected for the 

automobile impact. 

Contact forces are computed as a function of 

the local gap value, to account for the non-

uniform distribution of pressure due to the rigidi-

ty of the different regions of the impact area. 

5.3. Results 

Figure 14 (top) shows the comparison be-

tween the computed contact force and the analyt-

ic approximation of eq (7). The dynamic interac-

tion between the impacting objects has reduced 

the peak value of the force, increasing its dura-

tion. The maximum penetration observed over 

the contact interface is smaller than ~ 0.5 mm. 

The transverse displacements of the door are 

reported in Figure 14 (bottom): the maximum 

values obtained by using the analytic input force 

and through an explicit impact simulation are 

similar. Moreover, reactions at the supports are 

reported in Figure 15: the use of eq (7) as input 

 

 

Figure 14. Door model, global contact force and max-

imum transverse displacement time histories. 

 

Figure 15. Door model, support reactions time histo-

ries, (solid lines) impact simulation, (dashed lines) 

input force eq (7). 

 

force provides slightly larger peak values, while 

the results of the explicit impact analysis are 

characterized by a wider frequency content, 

meaning that this latter allows one to obtain a 

more accurate description of the phenomenon. 

6. Conclusions 

A procedure for the dynamic simulation of 

impact phenomena, within the Comsol Mul-

tiphysics framework, is presented and tested. The 

mutual exchange of contact forces between the 

impacting objects is explicitly modeled. Valida-

tion tests on a simple case are performed show-

ing that linear momentum and energy balance 

principles are fulfilled. Moreover, a real-life ex-

ample of a steel door under extreme wind gener-

ated missiles is analyzed and the results are 

shown, giving evidence that Comsol Multiphys-

ics is a useful tool also for the dynamic simula-

tion of impact problems. 
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