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Abstract — This paper presents a simple analytical model of the dynamic response of a structure subjected
to a low speed impact, in order to predict global damage. The model is based on thick plate theory developed
by Reddy and takes into account the through thickness shear. An indentation law based on the theory of
Hertz is determined experimentally to model the local response. A numerical integration method is used
to calculate the contact force versus time, by combining the indentation with the dynamic response of
the structure. The validation has been performed by comparing results with measurements obtained on a
falling weight set-up, and a satisfactory correlation is obtained. This model leads to the identification of
parameters inducing damage. The modal damping coefficient is taken into account.
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1 Introduction

The impact is one of the main and most damaging
causes of laminated materials (monolithic or sandwiches).
The damage created by an impact can significantly reduce
stiffness of a multilayered structure, especially in com-
pression mode and bending. It has been observed that
when composite plates are subjected to impact loading,
two types of damage need to be considered: local damage
involving crushing beneath the impactor, and global dam-
age revealed by cracks due to flexure of the plate. Various
experimental studies, performed on a wide range of mate-
rials, have described these different types of damage [1,2].
For composite materials laminated panel type or sand-
wich, internal induced damage may become severe and
weaken the structure. The effect of the low-speed impact
is therefore a threat to the safety of composite structures.

In order to study these different types of damage,
which depend on both the lay-up and material properties
of the constituents and the boundary conditions, finite
element (FE) methods, can be applied [3—6].

However, the dynamic response model of a thick com-
posite plate subjected to impact loading can also be stud-
ied using analytical expressions [7], which can enable
rapid parametric studies to be performed without the nu-
merical difficulties and complexity of FE models. In this
paper an analytical approach has been developed which
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accounts for the structural aspects of the panel and its
behavior during localized loading under the impactor.

The behaviour of laminated composite plates subse-
quent to impact is a subject which, today, attracts the
interest of many researchers. There are numerous pub-
lished articles on the subject; however, numerical simula-
tions using the finite element method remain a favourite
approach to the problem which can often involve com-
plex models. A simple dynamical method has been used
in this work, based on modal superposition. This study
aims at analysing the global displacement modes arising
from overloads occurring at locations away from the im-
pacted zones. This should facilitate the preliminary de-
sign of composite plates without having to utilize costly
numerical methods.

The dynamical response is obtained by modal super-
position, the modes being calculated analytically assum-
ing a simple mathematical model of the thick plate vibrat-
ing under simple boundary conditions. The plate model
is based on the work of Reddy [8] and includes transverse
shear effects. The displacement field can then be calcu-
lated at any point of the plate.

In order to calculate the contact force due to im-
pact, it is necessary to formulate an indentation law to
model the localized effects of the shock. In this paper, a
law of the Hertzian type has been adopted and verified
experimentally.
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List of symbols

a,b dimensions of the plate

Aij membrane rigidity

Bij coupling rigidity (membrane-bending)
Dy shear-bending stiffness

E;, E  Young modulus

F(t) contact force

F; value of the force during an interval of time
g acceleration of gravity

Gij, G shear modulus

1., 1 moment of inertia

k. Hertzian coefficient

L Lagrange

Mym generalized mass of mode n, m

Mo mass of the impactor

P transversal load

R radius of the impactor

s(t) displacement of the impactor

T contact time

Ug energy of deformation

U, v displacements of the mid plane

Va potential energy of the structure

Vo velocity of the impactor before impact
w transverse displacement of the structure
« penetration

Enm generalized damping coefficient of the mode n, m
Yz, ¢y rotations of the normal

Oij stresses

Eij strains

Vij Poisson’s ratio

p density

h thickness

A numerical scheme makes it possible to integrate,
with respect to time, the two mechanical phenomena, the
local deformation and the response of the structure.

To validate the model, low energy impact tests were
performed by dropping a rigid sphere of mass 10.9 kg onto
composite sandwich panels at various impacting veloci-
ties. Laminates, formed of orthotropic symmetrical lay-
ers, are composite materials with long fibers and an or-
ganic matrix. A parametric study was then performed to
study the influence of the dimensions of the plate and
the mechanical properties of the material on the dynamic
response.

2 Theory of thick laminated plates

To study the vibrational motion of a thick composite
structure, the elements of the theory of thick laminated
plates needed to study the dynamic behavior are briefly
presented.

The fundamental assumptions of the theory of thick
plates are [9]:

— the plates are composed of a stack of parallel layers;
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Fig. 1. Schematic of a thick monolithic plate.

— the thickness h is greater than 1/25th of the smaller
side a (see Fig. 1);

— the elastic behavior for each layer is linear;

the shear stress is significant;

— the displacements and deformations are small.

The stresses 0;; must satisfy the following conditions on
the upper and lower sides of the plate:

h h
Oz <x7yai§at) = Uyz (xayv:l:iat) =0 (1)

h
Ozz (Z‘, Y, §a t) = p+(xa yvt)

h _
Ozz <~T,y,—§,t) =p (xvyat) (2)

where p* (z,y,t) is the transverse load applied on the up-
per and lower faces of the structure.

In the case of a monolithic thick plate, according to
Reddy [8], the displacement field has the following kine-
matics:

u(w,y, z,t) = ul(x,y,t) + 2. (z,y, 1) + 220, (z,y, 1)
+ 2% (2, y, 1)

v(z,y,z,t) =00(x,y,t) + 20y (2,y, 1) + 220, (2, y, 1)
+Z3¢y(ﬂ?,y,t)

w(z,y, z,t) = w(z,y,t)

(3)
where u?, v and w are, respectively, the displacements
in the median plane and the transverse displacement of
the structure, z is the vertical coordinate.

0

¢z and @, are the components of the normal to the
median plane along the axes x and y respectively. The
functions 0, 0y, 1., and 1), can be determined by using
conditions on the transverse shear stresses.

It is important at this point to recall that, according
to Equation (1), the conditions on the constraints that
need to be checked on the upper and lower sides of the
plate, imply, thanks to the linear relationship between
stress and strain, that the functions listed above have the
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following form:

4 [(Ow

4 [0
and wy = _W <8_Z + ¢y> (4)

Substituting Equation (4) in the Equation (3), we obtain
the form used for the displacement field:
423 ([ Ow
(5

U’(xvyazat) zuo(x,y,t)—kz'(ﬁx(a:,y,t)—w ox

_g a_w_|_¢
3n2 \ 9y Y

(5)

v(z,y,2,t) =00(2,y,t)+2¢,(z,y,1)
w(z,y, 2, t) = w(x,y,t)

2.1 Strain field

The strain field is deduced from the displacement field
in Equation (5), thus we obtain

423 [ 0%w
302 (W + %c,x)
423 [ 0%w
s (537 0
ow 422

Foee T <% i %> <1 - W) (6)
(o) ()

vz Yoy h?
2e0y = uo,y + Uo,m + 2 (Pry + Oyz)

_4_23 262—w+ +
3h2 \" 0z0y Pay T Py

0
gz = U 5 + 2Pz, —

_.0
Eyy =V + 20y .y —

2.2 Stress field

The behavior law for thick plates is expressed using
the following equation:

Oxx Qll QIZ 0 0 QIG Exx Rl
Tyy Qi2 Q220 0 Q| |eyy Ry
Oyz = 0 0 Qa4 Qu5 0 Eyz +0..40
Oz 0 0 Q54 Q55 0 Exz 0
Oy Q16 Q260 0 Qos] \eay 0

where the coefficients of stiffness of a thick laminate com-
posed of n layers of the same properties are expressed as
follows:

Cis :
Ri=— fori=1,2
Y O
where C}; are the stiffness coefficients of the material.
Ci3C3;
Qij=Cij— —=—L if i,j=1,2,6
Css
and Qij = Cij if i, ] = 4, 5

These coefficients can be expressed if the layers have the
direction of the principal axis:

B B sy -~
Qi1 = 7 Q22 = 0 Q2 = 7 2=1-vvy
Qus = Goag Q55 = G13 Qo6 = G12
By (v31 +v1ov3) B (v32 4 v12v31)
Ry = st ievs) Ry = 22t iavs)
E3 94 E3 9

2.3 Fundamental relations of the behavior
of a laminate taking into account the transverse
shear

In the case of a thick plate, the fundamental equation
of dynamic can be written as follows dive = pU. Thus we
obtain a new system of equations

Mw,w + Mmy,y - Qm = fu

Moy,o + My, — Qy = fo (8)
Qx,x + Qy,y - Pw = fw
where py = [Jzz]}i/}?ﬂ
h/2
(Mg, My, Myy) = / 2(Ozz, Oyy, Ozy) dz (9)
—h/2
h/2
@ Q)= [ (un o) 2
—h/2
and
" h/2
(o )= [ ety @z, (fu= [ pid:
—h/2
—h/2

3 Analytical method

From the theory of thick plates, we can establish an
analytical method for the study of the dynamic response
of a thick monolithic plate subjected to a low impact
speed.

3.1 Principle of the method

The principle of the method is to develop an analytical
solution based on models compatible with the studied me-
chanical phenomena, ensuring the boundary conditions of
shear stress on the upper and lower faces.

It is therefore necessary to:

— build a cinematically admissible displacement field
satisfying the boundary conditions;

— establish a system of partial differential equations de-
rived from the integration of local equilibrium equa-
tions through the thickness to obtain (u, v, w);

— make an energy balance from the formulations based
on the displacement field.

414-page 3
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Applied load
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Thick plate

Fig. 2. Composite plate subjected to a transverse load.

3.2 Dynamic response

We consider the case of a rectangular orthotropic thick
plate simply supported and subjected to a transverse load
applied to its mean plane.

The following boundary conditions on the lateral faces
of the plate are considered [10]:

e _2 w=0

For a? py =0 (10)
) M, =0
yz—é w =70

For b2 0y =0 (11)
y=3 M, =0

An elementary load applied to the upper face % is con-

sidered following the boundary conditions given in Equa-
tions (1) and (2)

h h
Oxz xvyai§7t> = UZIZ (xvyai§7t> = O

h
Oz2 | X, Y, §7t> :er(il',y,t)

h
Ozz xvya_§7t> =0

(12)

3.3 Calculation of the transverse displacement
of the plate

The dynamic response, of an orthotropic symmetri-
cal rectangular plate subject to a concentrated transverse
load at a point (xg, yo), is determined from a modal
decomposition. Vertical displacements and external me-
chanical stresses are expressed in the form of double
Fourier series under the assumption of a common base
space

(z, y, t

p(x y, t

Normal rotations can be expressed in function of two
other bases

1 ZZ l%m gnm (z, y)] (13)

Prm (t )gnm (z, y)

oo oo
sy, )= Y aln (1)

n=1m=1

) G (@:y)  (14)

The g;m(x, y), i = 1,2, 3 are known functions which
satisfy the boundary conditions.

414-page 4

Mechanics & Industry 17, 414 (2016)

The modal decomposition of the external force is used
to identify the coefficients p,, (t). It remains to be iden-
tified al . (t), a2,,(t) and gnm(t). These parameters can
be calculated from the equilibrium Equations (8). To do
this, we use the Lagrange equation of equilibrium

d oL oL

L=Ec—V; and =0  (15)

where V; and E, are respectively the potential and the
kinetic energies. V; and E. are given by the following
expressions

o Bo =13 [yrs (3 dedy = ¥, 5, Mumds,,
where M,,,, is the generalized modal mass with

b

Mym = PS// (ggm)Q dz dy
0

0
L Vd:Ud_TZ

where Uy = % [ oTedV is the energy of deformation and
1%

T, = [p(z, y, t)w(z, y, t) dzdy is the work of the force
A

of impact.
We solve the problem of a concentrated load

p(l‘, Y, t) = F(t) 5(-7: - J;O) 5(y - yO)

Lagrange’s theorem leads to a differential equation of sec-
ond order

g?zm (xoa yO) F(t)

whose solution is
3 ( ) t
o, 3 .
Unm (1) = % /e( Enm Wnm (—T))
0
X F(T) sin (wnm (t — 7')) dr (17)

Wnm is the damped pulse with wpnm = wWpmy/1 — &2,
&nm 1s critical damping coefficient, which takes into
account both the elasticity of the material and the non-
linearity of the supports.
Accordingly, by referring the expression (17) in Equa-
tion (13), the response of the plate by modal superposi-
tion is reconstructed. The transverse displacement of the

plate is given by

wle ) = 30 3 Samlr0: 0)

wnm Mnrn
x / e &nm @nm (7)) P(7) sin (wpm(t — 7)) dr (18)

0

where the natural frequencies can be determined experi-
mentally or calculated from the fundamental equations of
the thick monolithic plate.
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For the determination of natural frequencies, the fol-
lowing characteristic polynomial is used:

det[Kpm — w2

annm] =0 (19)
where the elements of the matrices are given in the Ap-

pendix.

3.4 Application

In the case of a thick monolithic plate simply sup-
ported, the vertical displacement and rotations are ex-
pressed by Equations (10) and (11):

w(z, y, t) = i i Gnm (t) sin (nmZ) sin (mm¥)
n=1m=1

(T, y,t) = io: io: U (t) cos (n) sin (mrd)
n=1m=1

oy (z,y,t) = ioj ioj a2, (t) sin (nw2) cos (mmr¥)
n=1m=1

(20)

L (t) and a2, (t) are given by

where the parameters a,,,,

_ kiokas — kigkao
ki1kao — k3,

2 () = ki2kis — koski1

e k11koo — k2,

qmn (t)
(21)
Gmn(t)

where the terms k;; are developed in the Appendix.
Substituting Equation (21) in Equation (20), the
transverse displacement and rotations can be written

w(z,y,t) =

a
. o\ . Yo
nT— | sin (mm=—
a b
wnm

¢

x [ e(=&nm@nm(t=7) P(7) sin (wpp, (t — 7)) dT
i (Y cos (Y

m(t) sin (’I’Lﬂ'a) cos (mﬂ'b)

az,(t) cos (mr%) sin (mw%)
(22)

w0

=

[=}
/N

[}

I
118

I

%(x,y,t) a

Il
M2 1
10e e

[

goy(x,y,t)

3
I
-

The natural frequencies are equal to

1
wrZLm:_
Ps
k13(k12kaos — k1sk kos(k1ok1s — k11k
« k33+ 13( 12/~23 13 22) 23( 12/~13 11 23)

ki1kos — k%g ki1kao — k%g

(23)

rigid falling weight
Q Vo

g ]
A

thick monolithic plate

Fig. 3. Example of configuration of a falling weight.

3.5 Localized loading

To simulate shock experiments on falling weight ma-
chine, the excitement is assumed to be vertical and lo-
cated in the center of the plate (zg, yo). The applied load
is developed using a double Fourier series

p(z,y,t) = i i Dmn(t) sin (’I’Lﬂ'g) sin (mw%) (24)
n=1m=1

where

a b
b/o/pmn(t) sin (mr%) sin (mw%)

By substituting p,,, by its value in Equation (24),
p(x, y, t) (for the case of a localized loading) can be ex-
pressed as

p(z,y,t) = i i 4];50 sin (mr%)

S

Pnm =

4 Contact force

Consider two bodies that will collide, one is elastic and
the other rigid. As part of the study of the impact behav-
ior of a thick monolithic plate, the contact is modeled by
the Hertz law [Lee 93]

This contact law (sphere on plane), is of the type

F = kp(a)%? (26)
where F' is the contact force during impact and kj, is the
hertzian coefficient which depends on the elastic proper-
ties of two bodies. This coefficient can be experimentally
determined by a quasi-static loading test. The penetra-
tion « is given by

a(t) = s(t) —w(zo, yo, t) (27)

where s(t) represents the displacement of the impactor,

and w(xo, yo,t) the transverse displacement of the struc-
ture at the point of impact.

414-page 5
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Input data (geometric characteristics of the
plate and those of the impactor)

v

Calculation of modal frequencies

]
A ¢

Calculation of the contact force using
a numerical scheme for time integration

yes @

—Ino

Force, displacement and contact time

Fig. 4. Shock algorithm using an iterative method.

The transverse displacement of the impactor is given

by
s(t) = vot——/

where V[ is the velocity of the impactor before impact
and mg the mass of the impactor.

By referring Equations (18) and (28) in Equation (27),
a new expression appears:

(r—1t)d (28)

F\*/? L
()" =vet - % [ F)(r = tydr
= I (205 Y0)
n=1m=1 @nm Mnm

¢
x [ e(=&nm@nm (=) (1) sin (wpm (t — 7)) d7
0

(29)

This nonlinear integral equation obtained can be solved
by a numerical method. Reference may be made to the
work of Sun and Chattopadhyay [13] using an explicit
method with increments of time. Calculating the contact
force provides transverse movement of the plate by appli-
cation of Equation (29). The used algorithm is shown in
Figure 4.

We were led to develop numerical simulation of the
dynamic response, taking into account the damping in
the model. This comes from the viscoelasticity of the ma-
terial or the loss of energy at the supports (poor quality
of the installation, matting at the supports, etc.). In the
procedure of calculation of the contact force (see Fig. 4),
we use the following algorithm.

The first time step F is calculated from Vj.

Fy = ky(Voor)3/?
At time 4, F; is calculated from V(;_;) and F(;_;).

27—-1
(F k)" = Vii- m——ZFa 27*’

2 i—l

gn $07yo .o
Z (L;Zth Z fl .]7 fg(j,l))
7=0
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Table 1. Characteristics of the plates.

Properties Average value Obtained by
Density 1600 kg/m® Weighing
F1 = E> =14 GPa Static test
Young’s modulus FE3 =8 GPa Ultrasonic
measurement

Gi12 = G1z3 = 4 GPa
Vi = V32 = 025
14.5 mm

Static test
Static test
Average of

30 measurements

Shear modulus

Poisson’s ratio
Thickness

Length of the plate: a = 0.3 m, width of the plate: b = 0.3 m.

where

f1(s i) = eenmEnm G=I=D) 67 F[cos(wpm (i — j — 1) 7

+ fnrn bln((wnrn( ] - 1) 57—]
f2(j, i) = e(7@nménm(=0) 57 F;cos(wpnm (i — j) 0T
+ fnm bln((wnm( - ) 57—]

The iterations are continued until an N such that F' = 0.
So Ndt is the contact time.

5 Results
5.1 Dynamic analysis of a thick monolithic plate

We propose to examine in detail the dynamic behavior
of a rectangular monolithic plate (300 x 300 x 15 mm) of
composite material simply supported on four sides, with
12 identical glass fiber plies (a ply is formed by a layer
of tissue 0/90 of 500 g/m? and a layer of 300 g/m?) in a
polyester resin. This plate is subjected to the impact of
a rigid sphere falling from a variable height ranging from
0.25 m to 2 m. The geometrical characteristics of the plate
and the material properties are given in Table 1.

The steel impactor properties are: mass mg = 10.9 kg,

radius: R = 50 mm. The coefficient of penetration is
obtained by a quasi-static loading test: k, = 2.2 X
108 N/m!5.

Figures 5 and 6 show that the results obtained with
the approach developed here are similar to those obtained
by the experiment (10% difference of the force and dis-
placement). Better correlation could be obtained by vary-
ing parameters such as stiffness crushing from these trials.

The comparative study of Tables 2 and 3 shows that
the calculation results are close to the measured values.
For displacement, the error is of the order of 5%.

6 Conclusion
The purpose of this work was to develop a simple an-

alytical model for the simulation of the dynamic response
of a structure subjected to a low-speed impact, to predict
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Contact force for 10.9 Kg and 1.75 m of height

20000

T

15000

10000

[3a]
p=3
>
p=3
—

1: Measure

Force (N)

2. Prediction

_5000 1 L 1 1 1 J
0 0.002 0.004 0.006 0.008 0.01 0012

Time (s)

Fig. 5. Comparison between theoretical and experimental re-
sults of the force of contact.

1! Measure

-2 ! Prediction

Displacement (m)
&
 §

L T . L
0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01
Time (s)

1
0  0.001

Fig. 6. Displacement of the thick plate with time obtained by
experiment and by the analytical method by modal superpo-
sition with 4 modes taken into account in the calculation for
a damping &, = 10%.

Table 2. Contact force (x10*(N)) at the center of the thick
plate for 10.9 kg.

Height (m) 1 1.5 1.75
1.7/1.8  2.15/1.95 2.33/2.50
-5.8% 9.3% -7.2%

Prediction/measuring
relative error

the initiation of a global damage. This model was devel-
oped from the theory of anisotropic elastic thick plates
based on an approach which takes into account the trans-
verse shear.

The dynamic modal acceleration approach allows very
significantly reduction of the number of modes to be con-
sidered by first integrating the static solution.

The developed method was validated by a double com-
parison, experiments with falling weight machines and
with a semi-analytical energy model. The results are in
good agreement with regard to the vertical displacement,
the contact force and the duration of contact. These com-
parisons have highlighted the importance of damping due
to boundary conditions at supports.

The result of our work can be used to predict the
transverse shear deformation in the core of a sandwich
plate to apply a failure criterion that will predict the oc-
currence of damage due to impact.

Table 3. Displacement (mm) at the center of the thick plate
for 10.9 kg.

Height (m) 1 15 1.75
9.5/9.9 125/11.5 13/11.8
—4.2% 8% 9.2%

Prediction/measuring
relative error

Appendix

The elements of the stiffness matrix (9, 12) are defined,
as following:

4
ki1 = Du()é% + Dﬁﬁﬂ% + Ass — ﬁD&G
4 2 2 —— 4 =\ 5
7z (Fiiod + Fee57) — | Dss — WF‘GS o

4
k1o = <D1204% + Dg637 + Ass — W(FH — Fg6)

4 _ 4 _
_W(Fll — Fos) — (D55 - WF%)) a1
4
ki3 = (A55 - ﬁD“) aq
4 3 )
- W[Fuoél — (F11 + 2Fs6) — Foe) a1 57]
4
koo = Dzzﬁ% + DGGOK% + Ass — ﬁD44
4 2 2 - 4 = 2
~ 52 (Fo287 + Fegai) —  Daa — WFM 32

4 4
ko3 = (A44 — ﬁD‘M) B — 2

X [Faaf3} — (Fi2 + 2Fss) — Fe) 5107 |
— 4 — 4 —
- (D44 - WDM) B3 — (D55 - WF%) o

4 4
k33 = <A55 - ﬁD%) ol — (A44 - EDM) B

With a; = n- and 3 = m

h/2

/ Qi;(1,2%)dz for i,j=1 to 6
—h/2

h/2

/ Qij(zM)dz for i,j=1,2,6
“hy2

h/2

/ Qua R1 (2%, 2%) d»
“hy2

h/2

/ Qs5 Ra(22, 2*) dz

—h/2

Aij, Dij =

Fij =

E44; F44 =

E55; F55 =
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