
 71

V.N. Burlayenko1 and T. Sadowski2 

6. FE modeling of dynamics of impact damaged sandwich plates with 
intermittent CONTACT in detached fragments 

 

6.1. Introduction 
Many of modern aircraft and spacecraft designs typically include 

sandwich materials consisting of thin stiff face sheets and a soft lightweight 
core. This type of the material structural concept seems very susceptible to 
damage caused by out-of-plane loading such as low-velocity impact events. 
Therefore, these high performance structures must be designed so that to sustain 
in-service static and dynamic loads with barely visible impact damage (BVID). 
On the other hand, because BVID may lead to the strength reduction up to 50% 
with respect to an intact structure [1], this damage has to be detected as early as 
possible. Vibration-based non-destructive monitoring techniques, using changes 
in vibration characteristics are very suitable for identification of BVID in highly 
heterogeneous sandwich materials [2]. Consequently, the investigation of 
sandwich structures, containing impact-induced damage, in dynamic 
environment is of primary importance for their reliability. 

A huge number of papers in the open literature are being devoted for 
predicting the residual compression strength of impacted sandwich specimens, 
e.g. [3]. In such articles, analytical models, describing the global buckling and 
the local buckling in the face sheet at the place of impact and core-to-face sheet 
debonding growth failure mode have been typically developed and discussed on 
the basis of experimental results following from axial compression tests. 
Thereafter, the suggested damage models are being incorporated into the failure 
analyses for modeling strength responses of engineering structural components 
such as beams, plates and shells by using mostly the finite element method.  

Dynamics of impacted sandwich panels is less studied and, in essence, this 
task is reduced to studying the dynamic behaviors of sandwich beams and plates 
with prescribed either a partially debonging interface or a locally damaged core. 
In the earliest papers devoted to this topic, authors modeled the beam by the split 
model that comprises of four Timoshenko beams connected at the detached 
edges. The ‘free mode model’, neglecting the overlapping between freely 
vibrating adjacent layers with and without the bending-extension coupling and 
'constrain mode model' that implies for such debonded parts the same flexural 
deformations were developed for studying free vibrations. The recently reported 
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beam models, improved by inserting virtual springs into the open interface allow 
including the both models developed earlier as special cases, e.g. [4]. By 
adopting similar spring models the finite element method was used in [5] for 
calculation of modal characteristics of sandwich plates with debonding. The 
influence of the size, location and form of the debonging zone as well as various 
boundary conditions and core types on natural frequencies and mode shapes 
were examined. The extension of this FE modeling technique on sandwich plates 
with multiple debonding zones was considered in [6]. The high-order theory 
approach was applied to derive the equations of motion and to investigate free 
vibrations of sandwich beams with a locally damaged core in [7].  

In general, vibrations of sandwich panels with the imperfect core-to-face 
sheet interface are accompanied by intermittent contact between the detached 
fragments. Therefore, a better understanding of the dynamic behavior of such 
panels must include a contact-impact phenomenon at the damaged interface. The 
free vibration behavior of simply supported debonded sandwich beams taking 
into account interaction between the detached parts was analytically studied in 
[8]. The use of this approach for studying the transient dynamic response of such 
sandwich beams was proposed in [9]. Numerical FE analysis of the forced and 
transient responses of beams with detached adjacent layers including the contact 
effect is presented in [10]. The nonlinear FE dynamic analysis involving contact-
impact conditions for detection of interfacial cracks in sandwich beams was 
carried out in [11].  

The objective of this paper is to develop a FE analysis tool for examining 
the dynamic behavior of sandwich plates with post-impact damage state. The 
intermittent contact behavior in detached fragments at the damaged site is paid 
special attention.  
 

6.2. Theory and FE Model Development 
 

According to the experimental findings, e.g. [3], a FE model of a sandwich 
plate with low-velocity impact damage has to capture a combination of failure 
modes among of which face sheet damage, core crushing and core-to-face sheet 
debonding are primary. It should be noted that in the case of BVID the face 
sheet remains almost undamaged and core crushing and debonding occur only. 
In this study, it was assumed that a sandwich plate at the center was struck by a 
spherical object. Consequently, a circular region will further define the form of 
the impact-induced damage in the sandwich plate as well as the impacted face 
sheet and the crushed core will form residual indentations corresponding to the 
part of the regular spherical surface. Fig. 1 shows the key parameters of the 
representative cross-section of the sandwich specimen impacted in the above 
mentioned way, which include the peak depth of the residual face sheet 
indentation, δdent, the peak depth associated with core crushing, δcr and the radii 
of the planar dimension of the damaged face sheet Rdent, and the crushed core, 
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Fig. 1. Impact-damaged region 

 
In the current method, a FE model is being developed to represent impact-

damaged sandwich plates. The commercial FE code ABAQUS [12] is used to 
perform the FE analysis. The face sheets are discretized with 8-node reduced 
integrated continuum shell elements, SC8R and the core is modeled using 8-
node linear solid elements with incompatible mode, C3D8I, which are available 
in ABAQUS code. The general mesh of the damaged sandwich plate was 
subdivided into three different zones: the fine meshed impacted region, the next 
zone surrounding the impacted region with gradually decreased mesh density, 
and the coarse meshed last zone introduced in order to minimize a CPU time. On 
the basis of the results of the convergence analysis, conducted previously before 
the base calculations, the mesh density was accepted with the size of the 
characteristic element length about 5 mm. This size was selected as optimum 
between the computational cost and calculation accuracy. Moreover, it is worth 
to notice that the smaller is the element size, the lesser is the integration time 
step in the dynamic analysis. A typical FE mesh and cross-section details at the 
impacted site are given in Fig. 2a and b, respectively.  

 
a) 

 
b) 

Fig. 2. Finite element model: a) typical mesh, and b) mesh details. 
 

The damages, imparted into the face sheet and the core as a result of the 
impact event are represented by reducing of elastic properties of the FE elements 
along the damaged regions. Appropriate reduction coefficients are used for this 
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purpose. In Fig. 2b such regions are outlined in the different ways. The residual 
indentations of the impacted face sheet and the crushed core as well as the 
cavity, δcav, developed between these fragments as a consequence of differences 
in the indentation depths are described on the basis of experimental results taken 
from the open literature to simulate them as close as possible to the real physical 
cases.  

While, the finite element approach is used, the dynamic response of the 
impact-damaged sandwich plate, including the effect of intermittent contact in 
the detached fragments and assuming that the debonging front is not advancing 
during oscillations can be obtained by solving the following dicretized system of 
motion equations: 

 ( ) ( ) ( ) ( )tttt FKUUCUM =++ &&& , (1) 
where M , C and K  are the global mass, damping and stiffness matrices obtained 

by the assembly procedure, U(t),  t)(U&  and  t)(U&&  are the vectors of unknown 
nodal displacements, velocities and accelerations, respectively, F(t) is the vector 
of nodal forces included the known external forces and the normal and tangential 
contact forces calculated, and t is time. The system (1) should be subjected to 
boundary and initial conditions, which predefine the nodal displacements and 
velocities at time t = 0.  

The most computationally efficient way for solving the equation (1) is the 
use of the explicit integration rule together with diagonal lumped element mass 
matrices. The explicit central difference integration operator used can be written 
in the following form: 
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where the superscript i refers to the increment number and ( )2
1−i  and ( )2

1+i  

refer to midincrement values. The explicit procedure requires no iterations and 
no tangent stiffness matrix, because the accelerations at the beginning of the 
each increment can be calculated quite simple by the inversion of the lumped 
mass matrix diagonalized in advance as: 

 ( ))()(1)( iii IFMU −⋅= −&& , (3) 
where I  is the vector of internal forces. The explicit procedure integrates the 
equation (1) through time by using many small time increments. The time 
increment used in an analysis must be smaller than the stability limit of the 
central-difference operator. An approximation to the stability limit is defined by 
the smallest transit time of a dilatational wave across any of the elements in the 
mesh as the following: de cl , where le is the characteristic element dimension 

and cd is dilatational wave speed of the material. 
The transient dynamic analysis of sandwich plates containing impact 
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damage is carried out with ABAQUS/Explicit [12] using the explicit integration 
rule, and where the contact-impact conditions for normal and tangential 
interactions of surfaces coming into contact can be modeled. The contactable 
parts of the vibrating sandwich plate are simulated by using their surface-to-
surface discretization with finite kinematic contact assumptions. The hard 
contact model, obeying strong non-penetration conditions is accepted. To 
resolve the normal contact-impact conditions imposed, the penalty algorithm 
that does not increase the number of governing equations is used. For the sake of 
reducing the computational cost and because the sliding in the contacting 
surfaces is negligibly small for being studied the dynamic behavior, the 
tangential contact conditions are adopted as frictionless.  

Assuming a pure elastic material behavior we will introduce no energy 
dissipation into the FE model that results in the physically unreal case when the 
contactable surfaces are bouncing back immediately after impact always during 
vibrations. In order to improve the model proposed but to not annihilate transient 
responses immediately, a small amount of artificial numerical damping is 
introduced in the form of bulk viscosity to control high frequency oscillations. In 
this paper, the presented results were obtained by using the damping ratio of 1 % 
of critical for both linear and quadratic bulk viscosities. 

6.3. Numerical Results and Discussions 
 

The sandwich plate analyzed is a simply supported rectangular plate of a 
180 mm by 270 mm consisting of 50 mm-thick PVC H85 foam core and 
2.4 mm-thick GFRP face sheets, material properties of which as well as the 
dimensions of the impacted site are given in Table 1. An impulse concentrate 
load is applied at the center of the undamaged face sheet of the plate. The 
impulse is defined by a step function. The duration of the applied load is 100 
times smaller than the time step of the analysis equal to 10 ms. Fig. 3 presents 
the deformed forms of the plates during the transient motion at the different 
discrete times for first 2 ms. It can be clearly seen the intermittent contact of the 
detached surfaces in the vibrating sandwich plate. Thereby, it is plausible to 
suggest the influence of this local behavior on the global dynamic response of 
the sandwich plate. 

 
Table 1. Parameters for the sandwich plate. 
Material properties:  
PVC H 85 - Ec = 135, MPa Gc = 45, MPa ρc = 100, kgm-3; GFRP - 
E11 = E33 = 16500, MPa E22 = 3800, MPa G12 = G23 = 1800, MPa 
G13 = 6600, MPa ρf = 1650, kgm-3  
Impact zone dimensions: Rdent = Rcr = 39.3, mm δdent = 2.4, mm δcr = 15, mm 
δcav = 5, mm 

t=0.1ms t=1.2 ms
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t=0.4 ms t=1.4 ms

t=0.8 ms t=1.8 ms

t=1 ms t=2 ms

Fig. 3. Deformed shapes of impact damaged sandwich plate 
 

The same sandwich plate was analyzed with and without contact 
conditions at the impacted region in order to evaluate the effect of intermittent 
contact-impact during the transient oscillations. Besides, the transient motion of 
the intact sandwich plate of the same size and constituent materials was also 
considered. The variation of the transverse displacement, velocity, acceleration 
and the longitudinal logarithmic strain, calculated at the center point of impacted 
face sheet with a time are shown in Fig. 4. As one can see that the neglecting of 
contact leads to incorrect results which mainly overestimated the amplitude of 
the dynamic responses of all parameters presented. Taking into account the 
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contact model for the imperfect core-to-face sheet interface dampens the 
magnitudes of the displacement, velocity, acceleration and strain compared to 
the model without contact. 

a)  

b)  

c)  
d)

 

Fig. 4. Time history of the central point of the impacted face sheet: a) 
displacement, b) velocity, c) acceleration, and d) longitudial logarithmic 

strain. 
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This is because the contact model is of importance to prevent the 
interacting fragments from overlapping each other and on the other hand to 
model their contact-impact behavior that is necessary for properly presentation 
of the global dynamic response. Moreover, it also follows form Fig. 4 that the 
transient dynamic responses for intact sandwich plate and plate with core-to-face 
sheet debonding as a result impact damage are quite different. These changes in 
dynamic characteristics may be applied to the vibration-based non-destructive 
diagnosing of impact-induced damage. 
 

6.4. Conclusions 
 

The results, obtained in the paper demonstrate that the local interaction, 
detached fragments within the sandwich plate is very important to properly 
describe the transient dynamic behavior of sandwich plate with impact-induced 
damage. The nonlinear analysis taking into account contact conditions is 
required in this case. The neglect of contact in the transient dynamic behavior 
will overestimate the dynamic response. Moreover, it one can suggest that the 
contribution of contact will increase with increasing the size of the impact 
region.  
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