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A BSTRA CT 

The dynamic responses of  composite laminated plates and shells due to 
inelastic impact are analyzed by using the finite element method. In the 
inelastic impact analysis, the structure is considered to be elastic, but the 
loading is idealized as inelastic. A modified isoparametric linear shell 
element, in which the shear deformation and rotatory inertia are taken into 
account, together with the theory of  conservation of momentum and 
Newmark time integration method are used to solve the set of  finite element 
equations. The influences of  shell curvature on the impact response are 
in vestigated and discussed, The impact experiments are performed and the 
experimental results are in good agreement with the finite element solu- 
tions. 

1 I N T R O D U C T I O N  

Due to their many advantages, such as high strength, high stiffness, 
lightness, anti-corrosion ability, low price, workability, etc., modern  
composite materials are widely used in structure components .  In marine 
engineering, for example, more and more ships of small sizes such as 
fishing boats, yachts, etc., use glass fiber-reinforced composite materials in 
ship hull construction. Because of the weak impact-resistance properties 
of composite materials, accidents and damage at sea have been frequently 
reported in recent years. Figures 1 and 2 show two typical cases of fishing 
boat damage due to the wave impact sustained while operating in Taiwan 
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Fig. 1. Damage of a fishing boat due to wave impact---example l.  
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Fig. 2. Damage of a fishing boat due to wave impact---example 2. 
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Channel. Thus, further understanding of impact loading, impact response 
and impact damage of composite material is necessary for the sake of 
safety. 

Considerable research has been performed concerning the impact re- 
sponse of plates. 1-3 In practice, however, most structural components are 
not fiat but curved in either one or two directions. It is very regrettable to 
find that the impact response of composite laminated shell structures have 
seldom been analyzed up to now. Recently, Chao e t  al .  4 used an analytical 
method to analyze the impact response of simply supported orthotropic 
cylindrical shells subjected to a given loading. Usually, the impact loading 
is regarded as a given function in the literature, but in the real impact 
situation, the impact loading is an unknown quantity to be determined. 
There are two ways to consider the impact loading (external force or initial 
condition) in the real impact in general. The first one, called elastic impact, 
treats the projectile and target as two elastic bodies. The impact loading is 
determined from the calculation of the contact law. The Hertz contact law 5 
has been used by many authors. However, due to the microscopic in- 
homogeneous and anisotropic properties of composite laminates, the 
contact behavior becomes much more complicated in laminates. Thus the 
Hertz contact law might not be adequate in the analysis of contact 
formulation between the projectile and composite laminates. Tan and 
Sun 6 proposed an experimentally established contact law to estimate 
impact loading and it is evident that it is a good simulation to the real 
contact phenomena of a composite laminated plate. The second method, 
called inelastic impact, models the impact behavior of projectile and 
impacted node as inelastic impact with masses added together and 
momentum conserved, as suggested by Goldsmith. 7 Thus, after an inelas- 
tic impact, the impactor and the impacted node of target are stuck together 
and move with the same velocity. For simulation of slamming or some 
other loading having similar wavelike phenomena, the inelastic impact 
based on the conservation of momentum is used in this work. Ex- 
perimental results show that this inelastic impact simulation is reasonable 
when the impactor is relatively soft and the mass of impactor is larger than 
the mass of the node being impacted, because under these two conditions, 
the impactor and the projectile will come in contact with each other 
smoothly. This means that for multiple impact contact, it may not be 
suitable to use the inelastic impact in the impact response analysis. 8 The 
suitability is according to the problem being analyzed. 

In the present work, an eight-node isoparametric linear shell element, 
considering the shear deformation and rotatory inertia, is modified and 
used to analyze the impact response of composite laminated plates and 
shells under inelastic impact. The curvature effect on the impact response 
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of laminated cylindrical shell is investigated and discussed. The numerical 
results, including the deflections, stresses and strains, are presented. 
Experimental verification is also conducted. Impact behavior observed in 
the experiments is discussed and compared with the numerical results. 

2 L INEAR SHELL ELEMENT FOR COMPOSITE LAMINATES 

During the impact process, deformation occurs near the impact node. It is 
well known that shear deformation and rotatory inertia should not be 
ignored in impact analysis. The classical plate theory (CPT) as well as the 
classical shell theory (CST), however, based on the Kirchhoff hypothesis, 
do not consider the shear deformation and rotatory inertia. CPT and CST 
underestimate the deflections due to the neglect of shear deformation. 
When rotatory inertia is ignored, the flexural wave velocity becomes 
infinitely large when the wave length is infinitely small. This is physically 
impossible. A general curved, arbitrary shape of thin and thick shell 
elements proposed by Ahmad et al.,9 considering the shear deformation, is 
modified to analyze the laminated composite plates and shells. One part of 
this modified shell element was discussed in Ref. 10. For the sake of 
completeness, its detailed formulation is described in the following. 

Consider the typical eight-node isoparametric linear shell element shown 
in Fig. 3. (x, y, z) is the global coordinate system, (x', y ' ,  z ') is the local 
coordinate system in which the x' and y' axes are tangent to the shell 

Fig. 3. The modified shell element. 0 ,  Nodal 
points; C), upper and lower points of V3/; (x, 
y, z), global coordinate system; (x', y', z'), 
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surface and the z' axis points in the direction of the surface normal, and 
(~, 7, s r) represents the curvilinear coordinate system which coincides with 
the local coordinate system. The element consists of n layers of lamina. In 
the thickness direction, each layer of the laminate is represented by a 
linear shell sub-element. The planes normal to the middle surface remain 
planar after the load applied is assumed to account for the shear deforma- 
tion. So, the elements in various layers can be represented by the same 
nodes in the middle surface. 

Five displacement components, u, v, w, a and/3, are considered in each 
node. The (u, v, w) are the displacement components in the global 
coordinate system. (a,/3) are the rotations about the y'  and x' axes. In 
Fig. 3, the i index denotes the node number, and the j index represents 
the layer number (j = 1, 2, . . . ,  n) or sequence of interlaminae 
(j = 1, 2 , . . . ,  n + 1). This means that the layerbetweenj  = 1 andj  = 2 is 
the bottom layer. The nodal points are selected in the middle surface for 
simplicity. It is reported H that because the in-plane and bending displace- 
ments are used together in the finite element variational processes, the 
numerical results are independent of the selection of the nodal point 
location. 

2.1 Geometr i c  definition of  the e lement  

Referring to Fig. 3, the geometric field of the element of a layer can be 
represented by the shape functions, nodal points of sub-layer and normal 
vector of shell surface as: E] Ixl 

Z j Zi -]/(mid.) 

V3i,j -~ Yi -- Yi 

Zi j + 1 Zi ] 

N,(¢, n) v3,4 (1) 
i 

(2) 

In eqn (1), (¢, T/) represent the coordinates tangent to the lamina plane, ~" 
represents the natural coordinate in the thickness direction, subscripts i 
and j(mid.)  denote the nodal number and the coordinate field on the 
middle surface ofj th layer lamina, respectively, and Ni(¢, 71) are the shape 
functions for isoparametric element.~2 For each sub-element, 
- 1 -< (¢, r/) -< 1 in the plane of the lamina, and - 1 < ~ -< 1 between z; and 
z;+ l (for isotropic materials, Id71 -< 1 across the total thickness of the shell 
element). 
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2.2 The displacement field 

The displacement field of the element of a layer can be expressed in terms 
of the nodal displacement and the shape functions as: 

w j 

[u,] 
~ Ni(~, rl) vi 

wi 

l v, ' v:/,,[oi] + Z N,(~. r l ~  z;4+, 2 z;4 - Bi (3) 
i 

In eqn (3), (u, v, w) represent the displacements in the three principal 
directions of the global coordinate system and (ui, vi, wi) represent the 
nodal displacement of node i. Vu.j and V2i.j are the two vectors which are 
normal to V3~.j, oti and ~i are the rotations about Y2~.i and Vmj, respec- 
tively. 

2.3 The definitions of stresses and strains 

The stress components, tr,:.o'y,,'r,:,y.%,.,,'Cy,z,, and the strain components, 
e,~,, ey,, 7.,:'y" 7x' ~" Yy' z', defined in the local coordinate system, are considered 
in the formulation of the finite element equations. For simplicity, the stress 
components are denoted by [o-], and the strain components are denoted by 
[e]. The definition of the strain components are 

[ e f t  = [OU'/OX' Ov'/Oy' OU'/ay' + OV'/OX' 3U'/OZ' + OW'/aX' OV'/OZ' + cgw'lOy'] 
(4) 

Introducing a so-called fiber coordinate system (x", y", z") aligned with the 
fiber direction with x" axis, the stress-strain relationship of a lamina in 
terms of fiber coordinate components and local coordinate components 
can be expressed as: 

[a"] = [D"l [e" l  

[ ~ ' l  = [ O ' l [ , ' ]  

(5) 

In eqn (5), the [D"] and [D'] matrices represent the various stiffness 
coefficients in the fiber and local coordinate system. Since the shear 
moduli in the thickness direction are difficult to determine from experi- 
ments, it is assumed those values are equal to that of the in-plane shear 
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modulus. As in most shell analysis, the normal stress in the thickness 
direction is neglected in this work. 

2.4 Element stiffness and mass matrix 

According to the variational principle, ~3 the finite element equation of 
motion can be derived as: 

[M]{d, tt} + [K]{d} = {f} (6) 

where the [M] and [K] matrices represent the system mass matrix and 
system stiffness matrix, the {d}, {d, tt} and {f} vectors represent the system 
unknown displacement, its second-order time derivative and system load- 
ing, respectively. In the impact response analysis, since the short time 
interval just after impact is the key time to judge the material failure, the 
damping effect is therefore ignored in the formulation of the equation of 
motion. As mentioned before, since an element consists of n sub-elements 
of layers, the system matrices can be expressed as: 

[M] = E [MI~[K] = ~ [K]~ (7) 

[Mle = Z f [N] T" [1]" [N]. det(J)-dE" d~ (8) 
J d 

[Kle = Z ~ [B'] T" [D']-[B']" det(J), d~:. d~-d~ (9) 
J . /  

alia([l]) = (p, p, p, ptZ/12, pt2/12) (10) 

In eqns (7)-(10), the e index represents the element number, the [N] 
matrix is the relationship between displacement field and nodal displace- 
ments of eqn (3), p is the mean mass density per unit area, t is the thickness 
of the laminate, [B'] represents the strain--displacement relation of eqn 
(4), and det(J) is the determinant of Jacobi transformation matrix. 

The 3 x 3 Gaussian integration rule is used in the numerical integration 
of the mass matrix [M]. Although the diagonal mass matrix 14 will give 
more accurate value of natural frequencies than that of the lump or 
consistent mass matrix for a simply supported square plate, the consistent 
mass matrix is used in the finite element program. The reduced 2 × 2 x 2 
Gaussian integration rule is used in the formulation of stiffness matrix [K]. 
The Newmark time integration method with constant acceleration is used 
to solve the finite element equations for the reasons of simplicity and 
unconditional stability. 
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3 INELASTIC IMPAC'T 

In order to simulate a shapeless projectile impact, such as the impact of 
wave or liquid, the inelastic impact is used to model the contact behavior 
between the projectile and the impacted node of the finite element. In the 
initial state, the structures are at rest and the projectile is moving with a 
constant velocity. As the impact occurs, the projectile hits the plate or 
shell and sticks on the impacted node of the finite element. The theory of 
conservation of momentum is assumed, which means that the total 
momentum is conserved before and after impact: 

mp V r = (mp + mn) V~j (11)  

where m o is the mass of the projectile, m,  is the mass of the impacted node 
and V o is the velocity of the projectile. Equation (11) can be rewritten as: 

Vo = mpVp/(mp + mn) (12) 

The calculated V0 is used as the initial velocity of the impacted node of the 
finite element,  and the mass of projectile, mp, is added to the mass of the 
impacted node, m,.  

4 N U M E R I C A L  RESULTS AND DISCUSSION 

In the following numerical analysis, the material properties, density and 
dimensions used were taken from Taketa ~5 and Petersen 8 for the reason of 
comparison. The laminating sequence of [0~/90~/0~] is used. The prop- 
erties of Scotchply 1002 composite with epoxy matrix and E glass fiber 
used are given as: 

El = 40.00 GPa E2 = 8-27 GPa 

rq 2 = 0-26 G12 = G13 = G23 = 4.14 GPa 

h = 0-003 35 m p = 1901.5 kg/m 3 

where El and E2 represent Young's moduli in the fiber or transverse 
direction of the lamina, respectively, Gi/ is shear modulus in various 
planes, v12 is Poisson's ratio in the lamina plane, and h and p are the 
thickness and density of the laminates, respectively. The plate and shell 
are clamped on the edges with length a (x-axis) and width b (y-axis) both 
equal to 0.14 m. Cylindrical shells curved in the x direction are considered. 
The 0 ° direction is arranged along the x-axis. Two cylindrical shells with 
radii of 0-1 m (shell no. 1) and 0-05 m (shell no. 2) and one plate (with 
infinite radius) are analyzed. The impactor has a mass of 0-014 175 kg and 
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an initial velocity of 39-7 m/s. The impacted face of the target is called the 
front face (or upper surface), the other side is called the back face (or 
lower surface). The domain of numerical analysis of the cylindrical shell is 
bent back to a plane. Thus the numerical results of plate and shells have 
the same expressive domain with 0.14 m length and 0-14 m width. The 
dynamic response is expressed in the time from 10/.~s to 250/~s. Because of 
the material and geometric symmetry, only a one-quarter region with 
symmetric conditions and 6 x 6 (36 element) mesh is analyzed. The 
dynamic response, including lateral deflection, normal stresses and shear 
stresses at the uppermost and lowest Gaussian points along the x and y 
axes, are expressed. 

The deformed configuration of the composite laminated plate and shell 
are shown in Fig. 4. The magnitude of the response is magnified about 
46-67 times. The numerical results of plate are in good agreement with 
those of Petersen, 8 although a different mass matrix is used. In Fig. 4, only 
a quarter region is analyzed. Using the quantities interpolation and 
technique of grid generation, the deformed configuration of full domain is 
generated. For the reason of simplicity, only the detailed results of shell 
no. 2 and the plate are presented. Figure 5 shows the lateral deflection (w) 
at the impacted node of the plate and shells. From these results, it can be 
seen that the amplitude of deflection and the rebound time both decrease 
as the curvature increases. But in the initial stage the curvature effect on 
the lateral displacement is very small. In fact, they are almost equal up to 
60/zs. It can be explained that the inertia force is dominant in resisting the 
external loading in the earlier stage after impact. Therefore the contribu- 
tion of structural rigidity in resisting the external load is relatively small, 
and causes nearly the same lateral deflection of plate and shells just after 
impact. 

The deflection (w) along the x and y axes in the central sections from 
time 10 p.s to 50/zs and from 50/zs to 200 #s is shown in Figs 6 and 7. In Fig. 
6(a), the cylindrical shell has a smaller deflection due to the curvature 
effect. In the y axis, because the curvature effect increases the bending 
rigidity, the shell has a higher wave speed than that of the plate. For 
example, the distance from the impacted node to the nearest point which 
intersects the zero deflection line is 20 mm in the plate and 25 mm in shell 
no. 2 at 50/~s (Fig. 6(b)). The larger the bending rigidity, the faster the 
speed of the stress wave, as is observed in Fig. 6. It can be seen that the 
distance from the impacted node to the nearest point which intersects the 
zero deflection line is 30 mm along the x axis and 20 mm along the y axis of 
the plate. The deflection occurred near the impacted node, but remained 
stationary near the edges in the time just after impact occurred. As time 
increases, the disturbance begins to propagate to the edges, and then is 
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Fig. 4. The deformed configuration of laminates (a) the plate and (b) shell no. 2. 
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Fig. 5. Lateral deflection of impacted nodes of the plate, shell no. 1 and shell no. 2. 
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Fig. 9. The normal stress (a) and the shear stress (b) of the plate ( - - - )  at 50 #.s and shell 
no. 2 ( ) at the uppermost Gaussian points along the x axis for times from 10/.ts to 
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Fig. 10. The normal stress (a) and the shear stress (b) of the plate ( - - - )  at 50/~s and shell 
no. 2 ( ) at the lowest Gaussian points along the y axis for times from 10 p,s to 50/zs. (D, 
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Fig. 12. The normal stress (a) and the shear stress (b) of the plate at the uppermost 
Gaussian points along the x axis for times from 50 tzs to 250 p.s. ©, 50 p.s; A ,  100 p.s; +,  

150/~s; x ,  200 ~,s; O ,  250/zs. 
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reflected, due to the boundary. The deflection is positive near the impacted 
node but negative at a distance, owing to the inertia force effect. 

Figures 8-11 show the normal stress (tTx, or o-y,) and Figs 12-15 the 
average shear stress ('rx,~, or zy,~,) response calculated at the uppermost 
and lowest Gaussian points in the middle sections along the x and y axes of 
short time and long time, respectively. The bending stress waves are the 
dominant stress in the symmetric laminated plate. From Fig. 8(a) and Fig. 
10(a) it can be seen that there exists an in-plane stress wave in the shells. 
Normal stress, of same magnitude but opposite in sign, and average shear 
stress, of same magnitude and sign, are found in the lower (back face) and 
upper (front face) surfaces of the plate. However in the case of the shells, 
there is more compressive normal stress in the front face and less tensile 
stress in the back face. Tensile stress on the lower surface and compressive 
stress on the upper surface in the near region of impact node is found, 
while in the region distant from the node it is reversed. The value of shear 
stress is negative in the near region of impact and positive in a distant 
place. Stress wave propagation from the impacted node to the near region 
is observed too. In Figs 12-15, the results of stress response at the 
uppermost Gaussian points in the long time interval are presented. It can be 
seen that the stress distribution is more complicated after the reflection of 
stress waves. Due to the reflection of stress waves, normal or shear stress 
may change sign after 250 p.s near the impacted node of shell no. 2. 

5 THE E X P E R I M E N T A L  VERIFICATION 

An elastic impact test of composite laminated plate and cylindrical shells is 
conducted here. The graphite/epoxy structures of one plate and two 
cylindrical shells with dimensions of 149 mm x 149 m m x  1.7 mm are used 
as the impact targets. The material constants shown in Table 1 are taken 
from the material testing done according to the rules of the Society of Fiber 
Reinforced Plastic of Japan. The laminating sequence of [0~/90~/0~] is 
applied in the case of the plate and [90~/0~/90~] and [0]/90~/0]] in the case 
of the shells. The 0 ° direction is arranged along the x axis and the radius of 
the cylindrical shell is 125 ram. The [90~/0~/90~] and [0]/90~/0~] cylindrical 
shells are named shell no. 3 and 4, respectively. Eight strain gages are 
placed at different locations, as shown in Fig. 16, to sense the dynamic 
strain histories. Strain gage nos 1-4 are placed on the back face and nos 
1'-4' are placed on the front face with reference to the impactor. An H.P. 
5183U digitizing oscilloscope and two Kyowa DCV 230 v strain gage 
amplifiers are used to capture strain responses. The impact-force trans- 
ducer of Model 200A5, marketed by PCB Piezotronics Inc., is used also to 
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Fig. 13. The normal stress (a) and the shear stress (b) of the plate at the uppermost 
Gaussian points along the y axis for times from 50/zs to 250/zs. O, 50 ~.s; A ,  100 tzs; + ,  
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Fig. 14. The normal stress (a) and the shear stress (b) of shell no. 2 at the uppermost 
Gaussian points along the x axis for times from 50 tzs to 250 tzs. O, 50 tzs; A ,  100 tzs; + ,  

150/zs; x ,  200/zs; • ,  250/zs. 
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Fig. 15. The normal stress (a) and the shear stress (b) of shell no. 2 at the uppermost 
Gaussian points along the y axis for times from 50/~s to 250/~s. O, 50 p.s; A,  100 p.s; +,  

150 ~s; x ,  200/~s; O ,  250/zs. 

TABLE 1 
The Material Constants of the Graphite/Epoxy Laminates Used in the Experiments 

Young's moduli Shear modulus Poisson's ratio Mass density 
(Gt2) (GPa) (via) (p) (kg/m x m) 

Et (GPa) E2 (GPa) 

108-07 8.44 3.32 0.28 2-50 

record the impact force history as a reference. The targets are hung with 
three strings at the center and the corners to achieve the free boundary 
condition. The steel impactor has a spherical nose with 12.7 mm diameter 
and total length of 28 mm approximate to the shape used by Tan and Sun. 6 
The masses of impactor and target are 0.038 87 kg and 0-055 63 kg, 
respectively. Using four strings to maintain the balance of the impactor, a 
velocity of 1-704 m/s for the impactor is produced. Because only two strain 
gage amplifiers are used, the experiments are repeated many times under 
the same conditions in order to record the responses of various strain 
gages. 

A quarter region of the target is modeled by 36 (6 x 6) shell elements 
owing to the symmetry of geometry and material, because the Newmark 
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Fig. 16. Schematic diagrams for (a) the impact test and (b) strain gage locations. 
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Fig. 17. Strain response histories of laminated plate. (a) Strain gage no. 2, (b) strain gage 
no. 4. ( - - - )  Experimental results, ( ) finite element method results. 
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time integration method is an unconditional stable scheme. Thus according 
to the contact duration of plate and cylindrical shell in experiments, the 
Newmark time integration method with time steps of 0.5, 1-0, 2.0 p,s are 
used. It is found that the solutions are in good agreement for various time 
steps. Thus the time step of 2/zs is used in the following numerical analysis. 

Figures 17-20 show the strain response histories of plate and shell at the 
lowest or uppermost Gaussian points in the location of the strain gage. The 
experimental data are factored by a value of 0-859 to represent the values 
at Gaussian points. It can be seen that the experimental results of elastic 
impact fit very well with the numerical results of inelastic impact. From the 
results of Fig. 21, it is found that the impactor and target come into contact 
before 500, 700 and 1200 p,s for shell no. 2, shell no. 1 and the plate, 
respectively. This phenomenon matches with the assumption of inelastic 
impact. Due to the limitation of frequency response of experimental 
instruments, the much more smooth records of experimental strain re- 
sponse are observed. It is evident that the bending wave is the dominant 

---- - EXPERIMENTAL 
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, / %  
"+¢ • 
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---EXPERIMENTAL 
FINITE ELEMENT 
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TIME (microsecond) 

(b] 

640 

Fig. 18. Strain response histories of shell no. 3. (a) Strain gage no. 2, (b) strain gage no. 4. 
( - - - )  Experimental results, ( ) finite element method results. 
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Fig. 19. Strain response histories of shell no. 4. (a) Strain gage no. 2, (b) strain gage no. 4. 
( - - - )  Experimental results, ( ) finite element method results. 

phenomenon in the plate (Fig. 20(a)), but in the case of the shells, the 
in-plane stress wave exists, although the bending wave is also dominant 
(Fig. 20(b)). From Figs 17-19, the smaller strain response along the 
direction which possess larger bending rigidity, i.e. along the x axis of the 
plate and shell no. 4 and along the y axis of shell no. 3, is observed too. 
Under the given loading conditions, it is well known that the strain 
response in a shell structure is smaller than that in a plate. From Figs 
17-19, it can be seen that the strain response of the shells is nearly the same 
as that of the plate generally and may be larger than that of the plate in some 
records. This phenomenon can be explained from Fig. 21: the more the 
lateral rigidity, the higher the impact load produced. In Fig. 21, the 
multiple contacts of shell no. 4 and different contact durations are also 
observed. Therefore, it may be concluded that targets with larger lateral 
rigidity (curvature effect) will experience a larger impact force, shorter 
contact duration and multiple contacts. It is evident that the finite element 
results agree very well with the experimental results. 
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Fig. 20. Experimental strain response histories of (a) the plate and (b) shell no. 4. ( - - - )  
Strain gage no. 2, ( ) strain gage no. 4. 
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Fig. 21. Impact force histories of the plate ( ..... ), 
shell no. 3 ( - - - )  and shell no. 4 ( ). 

6 CONCLUSIONS 

The dynamic response of  composi te  laminated plates and shells under 
inelastic impact are analyzed by using the modified linear shell e lement .  In 
the inelastic impact analysis, the structure is considered to be elastic, but 
the loading is idealized as inelastic. Dynamic  responses,  including the 
deflection and stresses, are presented,  and the effects of  curvature on the 
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dynamic responses are compared and discussed. It is found that the 
existence of curvature tends to decrease the lateral deflection and the 
rebound time of the structures, while increasing the compressive normal 
stress in the front face being impacted. Also, the bending rigidity in the 
axial direction of cylindrical shell increases due to the curvature effect. 

An impact experiment is conducted on graphite/epoxy laminated plate 
and shells with a free boundary condition. From the experimental results, 
it is concluded that the larger lateral rigidity of the target produced a larger 
impact force, shorter contact duration and multiple contacts. It is also 
demonstrated that the finite element solution matched very well with the 
experimental results. 
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