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Summary. A finite element (FE) model has been developed for analyzing the dynamic response of sandwich plates with a post-

impact damage inducing core crushing, face sheet damage and core-to-face sheet debonding. Calculation of natural frequencies as 

well as simulation of strongly nonlinear transient dynamic response of impact-damaged sandwich plates is carried out with the 

ABAQUS code. The influence of parameters of impact-induced damage on dynamic behavior of sandwich plates with foam and non-

metallic honeycomb cores is discussed. 

 
Introduction 

 

A major concern of sandwich materials, which are widely used in a structural design, is damage induced by impacts by 

foreign objects. Depending on the shape and size of impact objects, their mass and velocity as well as material 

properties and geometry of target sandwich structures a number of damage modes can be identified [1]. For low velocity 

impact events, the post-impact damage states in the sandwich panels are usually confined to the impacted face sheet, the 

core, namely, a part of the core located directly beneath the impacted site and the interface along the impacted face sheet 

and the core [2]. Damage inflicted by impact is often invisible by the naked eye, so-called barely visible level of 

damage, whereas the extent of sub-interface damage is usually substantial. Thereby, a significant reduction of the load 

carrying capacity of an impacted structure can be often expected. To ensure the reliability of such damaged structures in 

using, the relation between their current damage state and working capacity have to be studied and established.  

Most papers in the literature deal with the prediction of the residual compression strength of impacted sandwich 

specimens, e.g. [3]. In comparison with this important issue, dynamics of impacted sandwich panels is less studied and, 

in essence, such a task is reduced to investigations of the dynamic behavior of sandwich beams and plates with 

prescribed either a partially debonging interface or a locally damaged core [4]. Therefore, this paper aims to examine 

the dynamic behavior of sandwich plates which are subjected to a post-impact damage state. A finite element model of 

the impact-damaged sandwich plate is developed by using the ABAQUS software for this purpose. The free and forced 

vibration analyses are performed. The comparison between dynamic responses of impact-damaged sandwich plates and 

the same intact plates is used to assess the influence of impact-induced damage on dynamics of sandwich plates. 

Moreover, the results obtained are discussed from the point of view of vibration-based damage detection.  

 

Post-impacted sandwich plate 
 

In according with the experimental findings [3] a model of a sandwich plate damaged by low-velocity impact has to 

capture a combination of failure modes among of which the face sheet damage, core crushing and core-to-face sheet 

debonding are primary. In this study, it will be assumed that a sandwich plate with foam or non-metallic honeycomb 

core is struck by a spherical object at its center. Consequently, in the sandwich plate a circular region will define further 

a plane form of impact-induced damage within the impacted face sheet and core, and the crushed core region, lying 

beneath the impact site will get a residual indentation corresponding to the part of the regular spherical surface. The 

corresponding key geometrical parameters of the representative cross-section of a sandwich specimen impacted by a 

spherical projectable are shown in Fig. 1. These parameters are the following: the peak depth of the residual face sheet 

indentation, dent, the peak depth associated with core crushing, cr, the cavity (debonding), cav, developed between the 

impacted face sheet and the crushed core as a consequence of differences in their indentation depths and the radii of the 

planar dimensions of the damaged face sheet, Rdent, and the crushed core, Rcr. 
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Figure 1: Impact-damaged region. 
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Finite element modelling 
 

The commercial FE code ABAQUS [5] is used to model the post-impact damage state of sandwich plates and to analyze 

their dynamic behaviors. Both the free vibration and dynamic transient analyses of sandwich plates containing an impact 

region are carried out. The free vibration analysis will be run by using ABAQUS/Standard with a linear model for the 

damaged sandwich plates developed in [6]. The dynamic transient analysis exploited a nonlinear model described in [7] 

and is performed within the ABAQUS/Explicit code. 

In fact, sandwich panels, containing impact-induced damage have an inherent three-dimensional nature of the stress 

state, consequently, from the point of view of accuracy, usually the best approach in terms of FE modeling is to utilize 

three-dimensional (3-D) elements for each sandwich layer (face sheets and core). However, this approach will lead to 

severe problems of aspect ratio, and require an extremely refined mesh and, as a result huge computational efforts. In 

practice such models are limited only to small and particular tasks. An alternative to such an approach is the 

employment of finite elements based on partially 3-D models, where the core is represented by solid elements and the 

face sheets by plate or shell elements. In this way a good trade-off between the level of accuracy and computational 

efficiency can be provided. So, the 3-D model is developed utilizing shell elements, employing the Reissner-Mindlin’s 

hypotheses in conjunction with the laminated plate theory on the face sheets and solid brick elements, based on the 3-D 

elasticity theory on the core. In accordance with the ABAQUS’ finite element library, for the face sheets 8-node 

continuum shell reduced integrated SC8R finite elements are utilized, whereas 8-node isoparametric linear solid ‘brick’ 

elements with incompatible mode C3D8I are chosen for core modeling. Because, such elements have only translation 

degrees of freedom they can be connected directly to each other without any kinematic transition. Either isotropic or 

orthotropic material models are being assigned to these elements. Besides, in the case when the face sheets are a 

composite laminate with an arbitrary lay-up, the stack of the continuum shell elements is being utilized. 

Three dimensional FE mesh of the sandwich plate consists of several different zones (Fig. 2), which present the face 

sheet with a residual indentation of known diameter and depth, and the crushed core, located beneath the face sheet 

indentation zone and including both the residual core indentation and the core stiffness degradation. Damage, imparted 

into the core as a result of the presumed impact event is simulated by reducing of elastic properties of finite elements 

along the damaged core region. Appropriate reduction coefficients are used for this purpose. The parameters of impact 

region mentioned above are taken from the literature as results of nondestructive inspection tests and destructive 

sectioning of impact-damaged sandwich plates to establish initial conditions for the FE model developed. 
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Figure 2: Detailed view of the finite element model of the impact-damaged region. 

 

The homogenization technique is used to treat the honeycomb structure as a homogeneous orthotropic material with 

effective material constants and density. The PVC foam core is considered as a homogeneous isotropic material. The 

contactable parts of the face sheet and the core at the damaged interface of the vibrating sandwich plate excited an 

impulse force are simulated by using their surface-to-surface discretization in terms of slave and master surfaces. It is 

assumed that the relative motion of the contacting surfaces in the normal direction is governed by the 'hard contact' 

model, whereas frictionless conditions are applied between them. To resolve in the dynamic transient analysis the 

normal contact conditions imposed by physical pressure-overclosure relationships, the penalty constraint enforcement 

method is used. As sandwich plates consist of significantly dissimilar materials, interactions between the rigid face sheet 

and the soft core will essentially deform the core. Consequently, to ensure a proper contact-impact behavior between the 

detached parts of the face sheet and core within the impacted region during vibrations, the plastic behavior of the core 

materials is taken into account in calculations. The crushable foam model with the volumetric hardening effect is 

assigned to the both core materials based on the experimental data in [8, 9]. 

 

Results and discussions 
 

In the present study, the free vibration analysis of an impact-damaged sandwich plate with non-metallic honeycomb core 

and the forced vibration analysis of a sandwich plate with post-impact damage cored by polyvinyl chloride (PVC) foam 

are carried out. The influence of the post-impact damage fracture modes involving core crushing, face sheet residual 
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indentation and core-to-face sheet interface degradation or debonding on natural frequencies and mode shapes, and 

transient response of the sandwich plates is examined. Herewith, it is suggested that the presumed impact-induced region 

is known a prior and it remains a constant size in oscillations. Moreover, a linearly elastic behavior of the sandwich 

plate’s materials is considered. 

A simply supported square sandwich panel with a side of 250 mm, made up of two 2.1 mm equally thick carbon/epoxy 

composite face sheets with lay-up ]90/0/90/0[ s
 and a 25.4 mm thick orthotropic Nomex

®
 honeycomb core is 

considered. The material properties of the constituent materials are described in [10] and are listed in Table. 1. It is 

assumed that the impacted face sheet is undamaged and the radii of the face sheet and the crushed core are the same and 

equal to 44.6 mm and a 1 mm deep cavity between the core and face sheet has been formed.  

 

Table 1. Material properties of the sandwich plate with Nomex honeycomb core. 

 E11,GPa E22,GPa G12,GPa G13,GPa G23,GPa 12 13 23 ,kgm
-3


Face sheet 

CFRP T800/3631 
162.7 7.6 4.4 4.4 3 0.34 0.34 0.25 1591 

Core  Nomex
®
 

Honeycomb 
0.021 0.193 0.007 0.068 0.044 0.31 0 0 48 

 

The results obtained demonstrate that impact-induced damage primarily leads to reduction of values of natural 

frequencies compared with those for the same intact sandwich plate. Fig. 3 presents a chart of frequency shifts 

depending on the mode number. It is obvious that the frequencies decrease much more with increasing the mode number 

and this effect does not exhibit monotonous trends as the mode number increases. Also, one can see the cases when the 

frequencies of the impacted sandwich plate are higher than those of the intact plate. It may happen due to thickening 

phenomenon [11] invoked by the freely vibrating detached fragments. Moreover, it results from the calculations that the 

modes order of frequency spectrum of the damaged plate differs from that the intact one, especially in high frequency 

range. Some additional modes appear in the frequency spectrum of the damaged plate as well.  

 
Figure 3: Changes in natural frequencies of the impact-damaged sandwich plate. 

 

The above results have to imply a specific effect of impact-induced damage on the associated mode shapes of the 

sandwich plate. The numerical results show that the impacted region manifests itself as a local separation between the 

face sheet and the core within the sandwich plate. Herewith, such discontinuities in certain modes are larger than in 

others. Hence, in these modes the impact damage affects more significantly the natural frequency and the shape. This 

conclusion is consistent with that as shown in Fig. 4. One can see that for the modes (1,1) and (3,2) with minimum 
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Figure 4: Eigenmodes of the impact-damaged sandwich plate. 
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frequency reduction the associated mode shapes are slightly affected by the facesheet-to-core separation, whereas the 

others are greatly changed. In doing so, the mode shapes (1,3) and (6,1) corresponds to the largest frequency shifts, and 

another (1,3) and (4,3) presents the deformation pattern in the case of thickening. It is important to notice that the local 

deformations within the impacted region induced the appearance of two natural frequencies corresponding to the same 

mode shape (1,3). Several such natural frequencies were found and they are denoted as red columns in Fig. 3. 

Some parametric studies are further performed. The residual face sheet indentation depth, the face sheet and core 

crushing level, and the cavity depth of the post-impact region were considered as variable parameters in the free 

vibration analysis. Because the results are similar to those obtained in [12], they are not presented in this paper. The 

common conclusion is such that only the planar size of the impacted region visibly affects the modal characteristics of 

the sandwich plate, whereas the others almost have not an influence on changing of the natural frequencies and a small 

influence on the mode shapes. Thus, from the damage detection point of view the modal parameters seem not to be 

exhaustive parameters since they do not provide full information about the health condition of the structure. 

 

Table 2. Material properties of the sandwich plate with PVC foam core. 

 E11,GPa E22,GPa G12,GPa G13,GPa G23,GPa 12 13 23 ,kgm
-3


Face sheet 

GFRP T300/934 
19.3 3.48 1.65 7.7 1.65 0.05 0.25 0.25 1650 

Core  Rohacell
®
 

WF51 foam 
0.085 0.085 0.03 0.03 0.03 0.42 0.42 0.42 52 

 

To provide a deeper insight into dynamics of sandwich plates with impact-induced damage and to discover new 

parameters for damage characterizing, the transient dynamic response of sandwich plates is investigated. Pursuing this 

aim a simply supported sandwich plate with a 50 mm thick isotropic PVC foam core and a 2.4 mm thick each of the 

orthotropic graphite/epoxy face sheets with lay-up [0/90/45]S is considered. The planar dimensions of the plate are 

270 mm by 180 mm. The material properties of the plate, the same as in [13] are showed in Table 2.  

 

 
a) 

 
b) 

 
c) 

 
d) 

Figure 5: Displacement and strain time histories depending on impact damage sizes. 

 

The plate is subjected to an impulse transverse concentrated force at the central point of the non-impacted (lower) face 

sheet. The concentrated force of 1 kN acts as a step function with duration much shorter than the transient analysis time 

step. Several impacted zone’s diameters are being considered so that an area inflicted by impact corresponded to 5%, 

10%, 15%, and 40% of the total area of plate. Besides, the cavity depth, core crushing and face sheet damage levels 

have been also varied in the transient dynamic analysis. The comparison of results obtained from dynamic transient 

modeling of both sandwich plates with and without impact damage gives a way to assess a damage influence on the 

sandwich plate’s response. The finite element results such as displacements, velocities, accelerations and strains 

computed as time histories at the central point of the impacted (upper) face sheet are below shown in Figs. 5-8.  

First of all the effect of the impacted zone size is evaluated. At given a 1 mm deep cavity and the presumed non-

damaged state of the face sheet and core, displacement and longitudinal strain time histories are calculated for different 

sizes of the impacted zone. It results from displacement variations in Fig. 5a and Fig. 5b that the larger size of impact-

induced damage, the greater displacement amplitude, but the faster decay of the displacement variation in free 

vibrations. In the case of the strain variations in Fig. 5c and Fig. 5d, the amplitude as well as the period of the decay in 

free vibrations decreases with increasing the damage size. This observation can be explained by the fact that because the 
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a) 

 
d) 

 
b) 

 
e) 

 
c) 

 
f) 

Figure 6: Acceleration and strain time histories depending on the cavity depths. 

 
a)  

a) 

 
b)  

b) 

 
c)  

c) 

Figure 7: Strain time histories depending on the core 

crushing level. 

Figure 8: Strain time histories depending on the face sheet 

damage level. 

 

segment detached from the rest part of the plate behaves like a fixed plate, then, with decreasing its size higher modes 

will be excited. So, the greater deformations will be arisen.  
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Fig. 6 presents comparative results for acceleration (a-c) and strain (d-f) in the case when the damage size is constant 

and equal to 10% of the total area of the sandwich plate, but the cavity depth is a variable parameter. As one can see that 

the amplitudes of accelerations and strains are almost the same and do not depend on the cavity depth. The main 

difference between the graphs is the amplitude of the acceleration and strain at the beginning. The bigger is the cavity 

depth, the greater is the initial amplitude of both the acceleration and the strain. This response refers to such a fact that 

with increasing the cavity depth, the exciting external load will move the detached part of the core over a longer distance 

thus, the core will be more significantly accelerated. Hence the core will transfer bigger energy to the face sheet after the 

first contact with it. By other words, the bigger is the cavity, the larger are inertial forces acting on the detached face 

sheet at the initial time moment. As a result the bigger accelerations and deformations will occur at the beginning. 

Finally, the transient response of the impacted sandwich plate depending on a level of core crushing and face sheet 

damage is evaluated. It was assumed that an artificial impact event inflicts the damage zone of 10%, forms a residual 

face sheet indentation of 1 mm and a cavity depth of 5 mm. Figs. 7 and 8 present strain time histories calculated for the 

different damage levels in the core and the face sheet. It follows from Fig. 8 that the face sheet damage clearly manifests 

itself from the strain variation curves. So, the bigger is the face sheet damage level, the greater is the amplitude of the 

strain curves. Unlike this, the core crushing severity would not be clearly assessed by using strain time histories Fig. 7. 

Probably, such a low sensitivity can be related to the high softness of the core material compared with the face sheet 

one. Thereby, other approaches for detecting the core crushing severity are needed. 

 

Conclusions 
 

In summary, conclusions from the viewpoint of sensitivity of dynamic characteristics of sandwich plates to the 

parameters of the post-impact region can be drawn. It is well known, that when damage is present in a structure it alters 

its dynamic characteristics such as modal parameters. The results obtained in the paper demonstrate that in the case of 

damage induced by an impact event within sandwich plates with soft cores, only the planar size of the damaged zone 

produces visible changes in frequencies and mode shapes compared to other parameters of the post-impact zone. So, 

modal parameters are not to be exhaustive for predicting impact-induced damage which is extended through the 

thickness of sandwich plates. Unlike this, the results of transient dynamic numerical experiments show that transient 

response of the impacted sandwich plate is capable to identify impact-induced damage. Displacement, acceleration and 

strain time histories clearly indicate the presence, location and size of the damaged zone. At the same time the core 

crushing severity remains undetectable via the vibration-based approach and requires further developments in the 

damage detection analysis. 
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