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SUMMARY: A mathematical approach for the analysis of three-dimensional problems of
stress and strain state of thick laminated orthotropic plates under thermal loading is
developed. The solution is based on the expansion of the sought displacements in double
trigonometric Fourier series with a factor being a combination of unknown functions over the
third variable. Both the real and complex roots of the characteristic equation as well as the
type of expansion of the unknown functions through the thickness of the plate are defined.
Results of the analysis of sandwich plates are presented and discussed.
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INTRODUCTION

Due to increased use of laminated composite plates and shells as primary structural elements
the requirements of their analysis and design constantly moving to a significantly higher level.
The understanding of behaviour of these structures under different loading conditions
including such as thermal, static, dynamic and their combinations becomes of paramount
importance for the safe design. A three-dimensional analytical solution is developed in the
present paper for the analysis of thick laminated orthotropic plates under thermal loading. This
solution can be used as a benchmark solution where the range of applicability of different
higher-order theories can be identified.

CHARACTERISTIC EQUATION OF THE THERMOELASTIC 3-D PROBLEM

Let us consider a thick laminated orthotropic plate which is in the steady temperature field.
The Cartesian orthogonal coordinate system x;, X2, X3 (Figure 1) is used here. The expressions
for the stresses in terms of strains and temperature are given by

0, =Cey +Cppey +Ciyy = BT

0y, = C21e11 + szezz + C23es3 - ﬁzT (1)
0y =Cyyy +Capyy +Caiyy = BT

0y, = Ce81p; 013 = Cyy1350,55 = Cosyy

where C are elastic constants; ei;, €, €33 are relative deformations; B;, B5, B; are
coefficients of thermal expansion given as



B, =Cya; +Cpa, +Cyya;
B, =Cpa; +Cpar, +Cya; (2)
B; =Cp0; +Cpa, +Cya,

Here, a;are the coefficients of linear thermal expansion in the direction of x;(j =1,2,3). axes

respectively. Taking into account influence of the thermal field the equation of equilibrium for
the orthotropic medium can be written as
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where u =|u, u,, u3||T is the displacement vector and also we have
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Assuming that the temperature field satisfies equation of the thermal conductivity (there are
no internal heat sources), i.e.
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where A, are the coefficients of the heat conductivity tensor (j =1,2,3).
The boundary conditions on the external surfaces take the following form:
for x, =b™ =-h/2:
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The boundary conditions for the heat conductivity on the external surfaces can be written as:
T(™)= f,(x,x,) when x,=h/2
T(h®)= f,(x,x,) when x,=-h/2 ©
where f,(x;,X,), f,(X,,X,) are given functions which can be expanded in the double

trigonometric Fourier series. An ideal thermal contact between the layers is also assumed and
this can be expressed as
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A zero temperature is maintained at the lateral surfaces:
when x, =0,a, and x, =0,a,:

(10)
T=0
The distribution of the temperature over the plate can be expressed in the form of the double
trigonometric Fourier series as:



TO%x) = 3 3 T () sin(a)sin(Ax,) (11)

my =1m, =1

where
T (x,) = Fexp(yrx,/h®) .
Relations (11) allow the boundary conditions to be satisfied on the lateral surfaces.
Substituting expressions (11) into (5) leads to the following system of equations
A(p? +1,) + Bt, + Dpt; —Fap; =0

At,, +B(p’ +1,,) + Dpt,; —FPB; =0 (12)
Apt,; + Bpty, + D(p* +1,,) — FpB; =0
t,F=0

where A, B and D are unknown coefficients and F and p are known constants. In equation
(12) we also have

Ly = _Alaz _Azﬁz + A3p2 (13)
The homogeneous system of equations (12) has only one nonzero solution when the
determinant of the system is equal to zero, that is

P2 +l b, P, —ap;
[ P2 +y Pla - BB; =0 (14)
Pty pls, p o+ ty —PB;
0 0 0 t,,
Equation (14) may be rewritten in the following form
p*+t, L, Pty
o p* +1t, Pty [ty =0 (15)

pt3l pt31 p2 + t33
Taking into account that the problem is steady, equation (14) will correspond to the uncoupled
thermoelastic problem. The system of equations (12) has eight roots k ; and after determining

these roots the expansion of the temperature and displacements through the thickness of the
plate can be obtained.

EXPANSION OF THE TEMPERATURE THROUGH THE THICKNESS OF THE
PLATE

Taking into consideration that the problem is steady the expansion of the temperature through
the thickness of the plate can be written as follows

where T (x,) = F,sinh f, + F,, f,sinh f, + F,, cosh f, + F,, f, cosh f, (16)
Where F,, expansion coefficients, and f, =k,,/h™. After substituting (16) into the
equation (5) the following expression for each layer k can be obtained

-Aa’-A,B° +)\3/)2)(F14 sinh f, +F,, f, sinh f, + F,, cosh f, + F,, cosh f,)
+2p2(F,, cosh f, + F,,sinh f,)=0
Taking into account that the first term of this expression contains product (13), and
considering that t,, =0 it follows from (17) that
F,,cosh f, + F,,sinh f, =0 (18)
Generalising the approach described above for the problems of statics, it should be noted that
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equation (18) must be satisfied at any point within the layer. Thus, when x, =0, that is on the
midplane of the layer, we have sinh f, =0,cosh f, =1 and F,, =0. When x, #0, we get
sinh f, #0 and F,, =0 accordingly.
Finally, we obtain the expression of the temperature expansion within each layer

T (%;) = F,sinh f, + F,, cosh f, (19)
The expression (19) contains two unknown coefficients F, and F,,, i.e. we obtain 2n
coefficients for n layers.

In order to determine them it is necessary to satisfy two boundary conditions on the external
surfaces (8) and 2(n-1) conditions of ideal thermal contact on the layer interfaces (9). Finally,
we obtain 2+2(n-1)=2n required equations.

The boundary conditions at the external surfaces are expressed through the coordinates of the
top (k = n) and bottom (k = 1) layers, that is when x, =-h™ /2 and x, =h® /2, respectively.
They take the following form:
(Fsinh £, + F$ cosh £, Jsin(ax,)sin(Bx,) =T (b™)
(F sinh £,2 + F® cosh £ Jin(ax,)sin(Bc,) =T (6©)
The conditions of ideal thermal contact are given as follows
F{Vsinh £ + EX P cosh £ = F¥sinh £ + FYY cosh £;
AL f LD (Flg"‘l) cosh ™ + F¢™ sinh f4("‘1>):)\(3") f;k)(ﬁgk) cosh £ +F{ sinh fj“) (21)
£ =k,m/h®; £ =k, m/h*D
Thus, the solution of the system of 2n linear algebraic equations (20) and (21) allows us to
find unknown coefficients of the expansion F, and F,, for each layer and describe the

distribution of temperature through the thickness. Having found the distribution of
temperature for the entire plate (11), the stresses and displacements due to the thermal loading
can be determined.

(20)

CALCULATION OF THE DISPLACEMENTS

In the case of the real roots we have
U,(%;) = (A, sinh f, + A, cosh f, )/ a

0, (x;) = (B, sinh , + B, cosh f,)/ B (22)
U, (Xs) :—(D1j cosh f; +D,; sinh fj)/ q
and in the case of complex roots:

u,(x;) = _(Alj Pljj + A st)/a
UZ(X3):_(Ble1j +BSjP3j)/ﬁ (23)
U (X;) = _(Dljﬁlj + D3j§3])/ fi

Here P;and P;; (j=1, 2, 3) are some coefficients which depend on geometrical parameters of

the plate. The above expansion has 18 unknown coefficients of A, B, D type for each layer, i.e.
18n sought coefficients for the whole layer package. The unknown coefficients are determined
from the boundary conditions on the external surfaces and the conditions of the rigid contact
on the interfaces. Finally, the system of linear algebraic equations can be derived.



In the case of the real roots we have the following equilibrium equations:
{ [_a/dlzj + (Cnaz + CGGBZ)/(acss )]Au +a[(C12 +Co )Bu + (Cl3 +Cys )Dlj]/CSS}I'_le

—ap; (F, sinh f, + F,, cosh f,)=0

(24)
{ [_ B / dzzj + (Cssaz + CZZBZ)/(GCM )]Bu + B[(CIZ + Css )Bu + (Czs + C44 )Dlj]/C44}/~_1|j
- BB; (F,sinh f, + F,, cosh f,)=0
In the case of the complex roots the equilibrium equations take the form:
l(cna2 +CoB° )Au la+a(Cy, +Ceq )By +a(Cy +Ces ) J/ Css
- AR, /a —ap; (F,sinh f, + F,, cosh f,)=0 5)

[(C66a2 + szﬁz)Bu /B + B(C12 + Cee )Blj + B(Czs + C44 )Dlj]/C44
- B,R; / B— BB (F,sinh f, + F,,cosh f,)=0

Here, we have three algebraic equations for an arbitrary point. These equations will be
satisfied discretely for the system of points chosen within every layer. Besides, in order to
satisfy equations (24) or (25) four points should be specified in the k-th layer. Consequently,
we obtain twelve additional equations for each layer. The total number of equations for the
plate, including additional ones, is 18n.

The solution of the general system of algebraic equations, consisting of 6n equations at the
external surfaces when x, =b™ =-h/2, x, =b® =h® /2, equations at the interfaces, and

also 12n additional equations allows to determine the expansion coefficients A;, B;and D, for
the laminated orthotropic plate made of n layers.

ANALYSIS OF SANDWICH PLATES

The approach developed above is used to analyse three-layered plates subjected to thermal
loading. The material characteristics of the external layers k=1,3 of the thickness of 0.25h are
as follows

E, =41.500°MPa; E, =E, =18.2[10°MPa

G, =G, =G,, =6.83[10°MPa; v,, =v,, =v,, =0.257;

A =12W/m-C} A, =7, =0.8W /(m C}

a,=8.07107°/C; a, =a, =16.32107°/C;

The core layer (k=2) has thickness 0.5h and its properties are given as
E, =30.110°MPa; E, =E,=26.5[10°MPa

G, =G, =G,, =4.2810°MPa; v,, =V, =V,, =0.108;
A, =1.0W /(m°C} A, =A, =0.4W /(m°C)
a,=12700"°/C; a,=a,=14.37007°/C;

The external surfaces of the plate are under the influence of the thermal field which has a
sinusoidal distribution over the surface:

T(b®)=T,sin(ax,)sin(Bx,)
T(o™)=T, sin(ax,)sin(x,)



The amplitude values of the temperature are taken as: T, =50C",T, =0.

The influence of the relative dimensions of the plate (a/h) on the thermal stress state was
considered. Figure 2 shows diagrams of the distribution of normal displacements u,/h and
the temperature at the centre of the plate. These diagrams are plotted for the ratios a/h = 2, 3,
5, 10. When a/h = 2 we have a considerably nonlinear character of the distribution of
displacements and temperature through the thickness. Displacements at the heated surface are
approximately 3.7 times larger than displacements at the unheated surface. The difference in
displacements at the external surfaces decreases as the ratio a/h increases and at ratio a/h=10
these displacements are practically constant through the thickness. The temperature
distribution through the thickness of each layer is approaching the linear law as a/h increases
and when a/h = 10 the distribution law through the thickness is practically piecewise-linear.

The distribution of normal stresses 10°c,, /E® and10%c,, /ES®” through the thickness is

shown in Figure 3. In the case of thick plates with a/h = 2, 3 the diagrams are nonlinear. The
distribution of stresses in a layer is approaching the linear law as the ratio a/h increases. The
maximum compressive stresses occur at the external heated surface. These stresses decrease

as the ratio a/h increases. The stresses 100, /EY on the unheated surface are almost
constant and increase insignificantly as a/h increases while 10°c,,/E® changes its sign. In

the case when a/h=2 the compressive stresses take place in the top layer and become tensile
when a/h=10.

The behaviour of the transverse normal stresses10°c.,/E" at the centre of the plate and
tangential stresses 100, / E® (x, = x, =0) is shown in Figure 4. In the case of thick plates
with a/h=2, 3 the transverse normal stress changes its sign.

On the interface between layers 1 and 2 there is compressive stress, and on the interface
between layers 2 and 3 we have tensile stress. The transverse normal stresses decrease as the
ratio a/h increases and in the case of plates with a/h=>5, 10, compressive stresses become

predominant. The distribution behaviour within each layer of the stresses 10°a,, /E® is close
to linear independently of the ratio a/h and their maximum values are close to each other.

Figure 5 shows the distribution of transverse shear stresses through .the thickness of the plate.
Diagram 10°c,,/E® is plotted at the point x, =0, x, =a/h, and diagram 10°0,,/E” at the
point x, =a/2, x, =0. In all the considered cases of a/h the maximum stresses 10°c,,/E®

occur on the interface between the first and the second layers. These stresses decrease as a/h
increases. The stresses change their sign twice within the second layer when a/h=2. In the

case of thinner plates 10°ag,,/E® change their sign in the second layer only once.

The transverse shear stresses 10°0,,/E” reach their maximum in the core layer and they

decrease as a/h increases. In the case of thick plates a/h=2, 3 the sign is changing in the third
layer and it is opposite to that in both the first and the second layers. In the case of plates with
a/h =5, 10 the sign of stresses in the first layer is opposite to the second and third layers.

The thermoelastic analysis shows that in the case of thick plates a<5 the plate should be
treated as a three--dimensional structure. The orthotropic properties of the material influence



significantly on the values and the character of distribution of the stresses through the
thickness of the plate. For example, the normal stresses 10*c,,/ E[” on the surface x, =h/2

are much higher than 10*c,, /E[” though E{’ <E®. This is because the surface x, =h/2 is
heated by 20C°. The situation is opposite to that of the surfacex, =h/2, that is 0,, <oy,.

Since T, =0 the contribution of the thermal factor to the stresses does not take place here and
only relative deformations effect the stresses.

The appearance of tensile normal stresses o,, is an important factor which promotes tearing

off between the layers, and this can be checked by experiments. Of particular interest is the
distribution of transverse shear stress through the thickness. The character of this distribution
is far from the parabolic law used often in different applied theories.

CONCLUSIONS

The solution is developed for the three-dimensional problem of laminated orthotropic plates
subjected to both static and thermal loading. The solution is based on the expansion of the
sought displacements in double trigonometric Fourier series with a factor which is a
combination of unknown functions over the third variable. Both the real and complex roots of
the characteristic equation as well as the type of expansion of the unknown functions through
the thickness are defined. An approach is proposed to determine the unknown coefficients by
a discrete satisfaction of the equilibrium and heat conduction equations in a system of points
through the thickness of the plate.

A solution technique is developed on the basis of the proposed approach for the analysis of
plates made of orthotropic, transversally-isotropic and isotropic layers. The assessment of the
accuracy of the proposed solution is done by a comparison of the obtained results when
different number of terms is retained in the expansion. Some numerical results are also
compared with test problems available in the literature.



To (%4, %a)

7 Xy

7,
R R e,

'k MRS

Xz

T (X ,Xe]

T

! A
T A

El X3

= n/2

U‘ |
le -2l
f—

X
k '

t .
e 1

= | i —
§D$ & \\Q NS \\\\\\\\\\*Q% $
|

i
L~

oM = n/2

¢ S ——]
AT TR R I A

o/

Xz

Figure 1 Laminated plate under thermal loading with the boundary conditions of the first kind at the external
surfaces: a) general view; b) thickness structure
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Figure 2 Distribution of displacements (u,/h) and the temperature (T)
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at the centre of the square sandwich plate.
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Figure 3 Distribution of normal stresses through (10* @,,/E”) and (10* &, /EY)
at the centre of the square sandwich plate.
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Figure 4 Distribution of transverse normal (10° @ ,,/E®) and (10w, /E®Y)
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