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The Non-Linear Sandwich Structure Model for Low-Velocity Impact 
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Abstract: This article is focused on progressive failure analysis of sandwich structure subjected to transverse low-velocity impact loading. A user defined material model 
considering non-linear behaviour of the composite skin of the sandwich structure was implemented into commercial software Abaqus by means of material subroutine 
VUMAT. The experimental measurements of transverse low-velocity impact were performed using an in-house drop tester machine. The results of numerical simulations 
and experimental data for the sandwich plate deflections at three selected points and the contact force-time dependency during the impact event were compared for particular 
impact velocities. The occurrence of material damage was visually inspected and compared too. 
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1 INTRODUCTION  
 

The sandwich structures are based on the assumption 
of light weight core materials between two thinner and 
stiffer outer skins (face sheets) that offer great potential in 
load-bearing constructions in marine, aerospace and 
transport industries, where the weight must be reduced to 
minimum. The concept of sandwich structure is that the 
skins carry the in-plane tensile and compressive stresses 
resulting from the induced bending moments, while the 
main function of the core is to keep the two skins apart at 
desired distance and transfer the shear load [1]. The outer 
skins are obviously thinner than the sandwich core. The 
usual benefits of sandwich structures are the excellent 
thermal insulation, acoustic damping, easy machining, etc. 
However the sandwich structures have usually very low 
damage resistance and are susceptible to impact damage. 
The sandwich structures may be randomly subjected to 
low-velocity impacts in everyday life of application such 
as dropped tool during repair, hit by stone, or fall of 
different objects such as cell phones. Such low-velocity 
impacts can damage the sandwich structure. Though the 
damage cannot be identified by visual inspection, it may 
significantly decrease the residual strength and affect the 
lifetime of structure or safety of the whole construction [2]. 
Because the detection of damage by CT-scan [3] or SHM 
[4] in practice is very time-consuming and expensive, it is 
vital to maintain the safety of sandwich structures for the 
expected loads and random impacts events already in the 
process of engineering of sandwich structures on the 
particular construction. 

The finite element method has proved to be useful for 
the analysis of the impact dynamics. Most of the published 
works regarding the numerical simulations of low-velocity 
impacts on the sandwich structures consider the composite 
skin to be linear orthotropic material [5, 6]. The non-linear 
behaviour of the composite material is most obvious when 
an in-plane shear test is performed. It was proven by 
performed experiments that the fiberglass fabric materials 
behave non-linearly in tension along weft and warp 
direction and also in in-plane shear [7]. Yet it is not usually 
taken into account in numerical simulations. 
 
2 LOW-VELOCITY IMPACT - EXPERIMENT 
 

A drop-test machine was used for the impact testing of 
the sandwich square plates of the total thickness 12,5 mm 

and the dimension 400 × 400 mm. The 1,2 mm thick outer 
composite skins consisted of three layers of fiberglass 
fabric with commercial label Aeroglass (390 g/m3) and 
epoxy resin designated Epicote HGS LR 285. Sandwich 
structure core consisted of closed cell polymer foam Airex 
C70.55. The impact was located at the centre of the upper 
skin of sandwich plate.  

The 2336 g weight impactor was accelerated merely 
by gravity and moved along vertical linear guides of the 
drop-test machine. Tests were performed for the impact 
velocities 2,0, 3,0, 4,0 and 5,0 m/s. These velocities are 
denoted as theoretical and correspond to the velocity of the 
free fall of the impactor. The spherical impactor head had 
15 mm radius and was equipped by the force sensor Kistler 
9712B, which enabled recording the contact force 
transferred between the loaded structure and the impactor 
at the impact point. The tested sandwich plates were 
supported by a steel stand along their two opposite edges 
with an overlap of 17,5 mm at each side. The distance 
between 35 mm wide and 300 mm long supports was 
365 mm. The response of the sandwich plate to the impact 
event was measured at three selected points by use of laser 
sensors (OptoNCDT 2200). Data acquisition was 
performed at sampling rate of 10 kHz. The geometry of the 
tested plate and locations of selected measuring points is 
shown in Fig. 1. The square measuring targets of 10 mm 
edge were used to suppress the possible reflections from 
the shiny surface of the tested body. 

The real impact velocities of the impactor were 
measured using another laser sensor, because the impact 
velocities were affected by the friction in linear guides. The 
comparison of the measured real impact velocities of the 
impactor affected by the friction and the theoretical impact 
velocities caused by free fall (accelerated only by the 
gravity) are compared in Tab. 1. The real impact velocities 
are used for the comparison of results.  

The vertical linear guides caused clearance of the 
impactor of approx. 5 mm in horizontal direction that could 
result in the impact point being shifted off the center of the 
sandwich plate. Therefore the impact points were marked 
using a small amount of red paint at the bottom of the 
impactor head before the impact event. After impact events 
the imprinted position of the impactor on the sandwich 
plate was then compared to the real center of the sandwich 
plate. Deviations of the real impact points from the center 
of the sandwich plate are summarized in Tab. 1. Their 
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location is given in accordance with the coordinate system 
x,y presented in Fig. 1. 

 

 
Figure 1 Geometry of sandwich structure plate and the location of laser sensors 

during the experimental testing 
 

Table 1 The comparison between measured real impact velocities and 
theoretical impact velocities of the impactor with calculated real impact energy 
and the distance of the position of the real impact point from the center of the 

plate 
Theoretical impact velocity (m/s) 2,00 3,00 4,00 5,00 
Real impact velocity (m/s) 1,85 2,94 3,85 4,80 
Real impact energy (J) 3,99 10,09 17,31 26,91 
Position [x; y] of the real impact point 
from the center of the plate (mm) [0; 0] [0; 1] [2; 1] [0; −3] 

 
The high speed camera (Olympus i-Speed 2, 2000 fr/s) 

was used for recording of the impact events and the 
analysis of mechanisms of damage and fracture occurrence 
on the sandwich structure. Fig. 2 shows the pictures of the 
low-velocity impact event on the tested sandwich plate 
captured by a high speed camera for the real velocity of 
impact v = 4,80 m/s. The maximum deflections are 
achieved at the time t = 4,5 ms after the beginning of the 
impact event (t = 0 s). 

 

 
Figure 2 Pictures of impact event on sandwich plate obtained from the high 

speed camera, the real velocity of the impact 4,8 m/s 
 
3 MATERIAL MODELS  
3.1 Composite Skin Material Model 
 

The subroutine VUMAT written in Fortran code was 
used for the implementation of the user defined material 
model of the composite skin into finite element software 
Abaqus. It is the extended model presented by the author 
considering the non-linear elastic behaviour of orthotropic 
material and the damage [8]. The non-linear function 

describing the stress-strain relationship starting from the 
deformation ε0i (i = 1, 2) was assumed in case of principal 
material directions 1 and 2. The non-linear function with 
constant asymptote was used for the description of the 
stress-strain curve in the case of the shear in plane 12 [9]. 
The form of the used function is based on Ramberg-
Osgood three-parametric function [10]. The stress-strain 
relationship of the skin is described by the Eqs. (1) to (7) 
[8]. 
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The constants in Eqs. (1) to (7) are the components of 

stiffness matrix in form  
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where the material parameters E1, E2, E3 are Young's 
moduli, ν12, ν23, ν31 are Poison's ratios and G23, G13 are 
shear moduli in appropriated directions or appropriated 
planes respectively. The parameters A1 and A2 in Eq. (2) 
and Eq. (4) describe the straightening of yarns and loss of 
stiffness of fabric in appropriated directions. The non-
linear behaviour in shear in plane 12 presented in Eq. (8) is 
described by initial shear modulus 0

12G , shear stress 
asymptotic value 0

12τ  and parameter of the shape n12.  
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The criterion of the maximum stress failure was used 
to predict the occurrence of the skin failure in the form  
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where subscript C and T designate the compression and 
tension mode of loading, X and Y represent the strengths in 
appropriated directions 1 and 2. The shear strength is 
denoted SL. The degradation variable values Dij differ 
according to the type of the detected failure by used 
criterion - equation (10). The degradation parameters are 
assumed in form  
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The constant m12 is an integer and F

12γ  represents the 
ultimate deformation. The principle of the linear and non-
linear material behaviour in the case of the non-axial 
loading is shown together with the degradation process in 
Fig. 3. The principle of non-linear stress-strain relationship 
in the case of shear plane 12 and applied material 
degradation is presented in Fig. 4.  
 

 
Figure 3 The linear and non-linear material behaviour and material degradation 

in the case of unidirectional loading in principal direction 1  
 

 
Figure 4 The non-linear stress-strain relationship and applied material 

degradation in the case of shear in plane 12.  
 
3.2 Material Parameters of Composite Skin Material Model 
 

The material parameters were identified using 
mathematical optimization of data from the performed 
tensile and compressive tests of composite skin. The 
geometry of the specimen is shown in Fig. 5. The three 

types of tensile specimen of composite skin that differed in 
angle θ between the principal material direction 1 (weft) 
and the direction of loading force were tested - 0°, 90° and 
45°. The specimens are denoted in accordance with the θ - 
0, 90 and 45.  

 

 
Figure 5 The geometry of the tensile (left) and compressive (right) specimens of 

composite skin  
 

 
Figure 6 The comparison between force-displacement diagrams of composite 

woven skin for the tensile type of the specimens 0 (top), 90 (centre) and 45 
(bellow) between experiment and numerical simulation 

 
Table 2 Woven composite skin – material parameters [8] 

E1 
(GPa)  

E2 
(GPa) 

E3 
(GPa) 

G13 
(GPa)  

G23 
(GPa)  

0
12G

(GPa) 
m12 (-) 

16,9 18,5 8,0 4,0 2,75 4,96 5 

12ν (-) 
31ν (-) 

23ν (-) 
01ε (-) 

02ε (-) F
12γ (-) n12 (-) 

0,337 0,28 0,337 0,008 0,005 0,324 0,9 
0
12τ

(MPa) 
YT 

(MPa) 
YC 

(MPa) 
XT 

(MPa) 
XC 

(MPa) 
SL 

(MPa) 
ρC 

(kg/m3) 
39,66 347 67 325 65 35 1554 

 
Tests were performed in accordance with ASTM 

standards (ASTM D3039 and D3410). The optimization 
process used for identification of material parameters was 
carried out using Optislang 3.2.0 and was based on the 
comparison between numerical and averaged experimental 
data. The detailed description of the optimization process 
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and performed identification of material parameters is 
published in [8]. All material parameters of the woven 
composite skin are summarized in Tab. 2. Fig. 6 shows the 
comparison of force-displacement dependencies between 
raw (grey) and averaged (black) experimental data and 
resultant numerical simulations (red) for tensile specimens 
type 0, 90 and 45. 
 
3.3 Foam Core Material Model 
 

The Low Density Foam model was used for the 
modelling of the polymer foam core of the sandwich 
structure [11]. This isotropic material model for highly 
compressible elastomeric foams assumes the Poisson's 
ratio equal to zero. Material behaviour is described by the 
user defined non-axial stress-strain curve. Fig. 7 shows the 
tensile and compressive stress-strain relationship of 
sandwich structure foam core. When the tensile strength 
RmT is reached, the foam is fully damaged. The ideally 
elastic plastic material behaviour was considered for the 
compression loading state of the foam core. The 
compressive stress-strain relationship is divided into the 
three ranges – linear-elastic behaviour to compressive 
strength RmC, core crushing at the same constant value of 
stress to ultimate compressive strain εU and densification of 
foam with sharp increase in stiffness. 
 

 
Figure 7 Compressive and tensile stress-strain behaviour of polymer foam core 

 

 
Figure 8 The geometry of tensile (left) and compressive (right) specimens of 

foam core 
 

The compressive and tensile tests were performed in 
order to determine the material parameters of foam core of 
sandwich structure. The geometry of the foam core 
specimen is shown in Fig. 8. The non-linear elastic stress-
strain behaviour in tension is described by [12]. 
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where i = 1, 2, 3. The mentioned material parameters of 
polymer foam core are summarized in Tab. 3. 
 
 

Table 3 Polymer foam core – material parameters 
E (GPa) ν (-) RmT (MPa) RmC (MPa)  Uε (-) 

Fρ  (kg/m3) 

80 0,0 1,5 1,2 0,53 60 
 

The comparison of the force-displacement diagrams 
between raw (grey colour) and averaged experimental data 
(black) and numerical simulations (red) in the case of the 
tensile and compressive loading of the foam core specimen 
is shown in Fig. 9.  

 

 
Figure 9 The force-displacement diagrams of tensile (top) and compressive 

(bottom) foam core specimens comparison between experiment and numerical 
simulation 

 
4 LOW-VELOCITY IMPACT– NUMERICAL SIMULATION 
 

The numerical simulations were modelled in finite 
element software Abaqus 6.14 using explicit solver and 
finite strain theory. The computational model was 
performed as a full contact problem of four bodies – 
sandwich square plate, impactor and two supports. Eight-
node solid elements with reduced integration were applied. 
The 4 mm approximate global elements size was 
considered in the case of finite element mesh of sandwich 
plate, 1,5 mm for the impactor and 10 mm for the supports. 
The simplification of the impactor was performed in the 
case of its finite element model and only the spherical head 
of impactor was modelled. The force sensor cable was 
neglected. The finite element model is presented in Fig. 10. 
The friction between bodies and the damping of contact 
between the impactor and the tested sandwich structure has 
been neglected. Only the first impact event and the real 
impact velocities from the experiment listed in Tab. 1 were 
considered in the case of numerical simulations. The 
positions of impact points of the impactor and the real 
impact velocities of the impactor were considered from 
Tab. 1 in accordance with the performed experiments.  

The computed values of deflections at the measuring 
points from simulations were interpolated from space 
displacements of neighbouring nodes using bilinear 3D 
interpolation method. The location of the measuring points 
of laser sensors is invariable in x,y plane of the global 
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coordinate system during the entire impact event, while the 
x,y location of computational nodes in the numerical 
simulation changes in time due to 3D deformations of the 
tested sandwich composite structure plate. That is why the 
interpolation of numerical data is necessary. 
 

 
Figure 10 Finite element model of low-velocity impact on the sandwich 

composite square plate, the detail of the impactor in cut-out of figure  
 
5 RESULTS AND DISCUSSION 
 

The deflections and contact force time dependencies 
are compared for particular impact velocities in 
Fig. 11 - Fig. 14. The comparison is realized for the time 
range of t = 0 – 15 ms, where the time t = 0 corresponds to 
the beginning of the impact event. A sharp jump in 

comparison of deflection for impact velocity v = 1,85 m/s 
in the case of experiment presented in Fig. 11 was caused 
by the peel-off of the square measuring target. 

The damage area in shape of a spherical cap occurred 
due to foam crushing in all cases of considered impact 
velocities both during the experiment and the numerical 
simulation. The fracture of the outer skin has not occurred. 
Fig. 15 shows a comparison of the occurred damage of the 
composite skin and the crush zone of the foam core 
between the experiment and the numerical simulation for 
impact velocity v = 4,80 m/s. The failure indices in 
compression for material direction 1 and in shear plane 12 
are shown as resulted of numerical simulation. The cross-
section view is presented in the case of shear failure. The 
spherical cap presented in Fig. 15 has diameter approx. 
45 mm in the case of experiment, 40 mm in the case of 
numerical simulation respectively. The occurred damage 
of the composite upper skin during the experiment 
presented in Fig. 15 is represented by the white area on the 
surface of the skin. The evolution of damage is apparent by 
the response of the plate in form of deflection at all 
measuring points. The time-deflection dependencies 
presented in Fig. 11 - Fig. 14 are flattened when reaching 
the maximum values of deflection. This flattening is 
caused by local permanent deformation of the sandwich 
structure due to core crushing in the impact area. This fact 
was evident from the high speed camera recordings of the 
experiment. The numerical simulations show the evolution 
of damage at the same time, when the flattening at time-
deflection dependencies occurs. This fact is not evident at 
the contact force-time dependencies. 

 

 
Figure 11 The deflections at measured points and contact force comparison between experiment and numerical 

 simulation for the velocity of impactor 1,85 m/s 
 

 
Figure 12 The deflections at measured points and contact force comparison between experiment and numerical  

simulation for the velocity of impactor 2,94 m/s 
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Figure 13 The deflections at measured points and contact force comparison between experiment and numerical  

simulation for the velocity of impactor 3,85 m/s 
 

 
Figure 14 The deflections at measured points and contact force comparison between experiment and numerical  

simulation for the velocity of impactor 4,80 m/s 
 

 
Figure 15 The comparison of occurred damage after impact event with real impact velocity 4,80 m/s between experiment (top centre) and numerical simulation (bottom). 

The failure index in material direction 1 (weft) in compression (bottom left) and failure index in shear plane 12 (bottom right) are shown 
 

6 CONCLUSION 
 

The sandwich structure model with user defined non-
linear composite skin material model and low-density 
polymer foam core material model was subjected to 
verification using the experiment. The response of 
sandwich composite square plate to low-velocity impacts 
was investigated and the results from the experiment were 
compared with the numerical simulations by means of 
deflections and contact force time dependencies. The 
occurrence of damage from experiments was compared 
only by the visual inspection versus the resultant damage 
obtained from the numerical simulation. The occurrence of 

the delamination between the skins and the foam core of 
sandwich structure has not been proved in case of 
experiments and is not included in the user defined material 
model. The compared results show the reasonable 
agreement between performed experiments of the low-
velocity impacts and numerical data. 
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