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Abstract. The aim of the present work is to carry out a simplified mathematical modelling
for nonlinear stress analysis of plates under temperature changes and mechanical transverse
loads. The material properties of the plate are proposed to be temperature-dependent. The
geometrically nonlinear plate theory is employed to understand the stress distribution due to
thermo-mechanical loads. A set of coupled nonlinear partial differential equations are solved
using harmonic series expansion to find the static responses. Two boundary conditions are
considered for simply supported plates, namely, movable edges and immovable edges. The
accuracy of the results is checked by comparing with the output of other solution methods.

1. Introduction

In plate theories the small deformation assumption is no longer acceptable when the deflection
magnitude is of the same order as the plate thickness. Thus, large deformation theory is
introduced which includes the effect of membrane forces and coupling between the axial reactions
and the transverse deformation of the plate. In response to the need for new structural materials,
materially nonlinear theory was also developed by introducing nonlinear constitutive relations
for stresses and strains [1-3]. Later on, both geometrically and materially nonlinear theories were
employed to analyse plates with large deflections, but the most common approach was using
approximate solutions for plates with movable simply supported edges. For movable (stress-free)
boundary condition the supported edges are free to move whereas the out-of-plane displacement
is fixed. However, for immovable boundary condition, equivalent axial reaction loads could be
defined to prevent both in-plane and out-of-plane displacements along the edges [4]. To the
best authors knowledge few attempts were made to find a simplified mathematical procedure
for large deflection analysis of rectangular plates under thermo-mechanical loads [5, 6].

In this paper an analytical method is developed to present a robust nonlinear analysis for
plates under thermo-mechanical loads. Geometric nonlinearity theory is used to establish the
nonlinear governing partial differential equations. The plate properties are assumed to vary with
temperature according to the Eurocode [7]. The accuracy of the present methodology is checked
by comparing the results with some exiting results for large deflections of plates.

2. Mathematical formulations
The inverse strain-stress relations for plane stress including the thermal strains are

Eeyy = (Eyy —vEF ) +aBAT, FEey, = (Flax — VEyy)+04EATa Ergy = _2(1+V)F,wy (1)
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where E, F, v, o and AT are modulus of elasticity, stress function, Poisson’s ratio, coefficient
of thermal expansion and temperature change, respectively. The compatibility equation formed
by strain components can be expressed by

_ 2
€xxsyy TEyyszr —Vayrzy = Wigy —Wizz Wiyy (2)

Substitution from relations (1) into (2) and then integration over the thickness leads to
hViF+ NT .. +NT ,, —Eh (w,iy W Wiy ) —0 (3)

where h is the plate thickness and N7 is the thermal stress resultant defined by
h/2
NT = Ea ATdz (4)
—h/2
The other nonlinear partial differential equation is given by
D v4w - h (Fayy waIE:B _2Faacy wa:}cy +Faxx wayy ) + MTa:Ex +MTayy _Q(ZE7 y) = O (5)

where ¢ is the applied load per unit area and M7 is the thermal moment resultants expressed
by

h/2
T =t ATzdz (6)
L—vJ npe

The following functions satisfy the two governing equations (3) and (5) for a plate with length
a, width b and simply supported edges

N N
(w,q, N7, MT) = Z Z(wmn,qmn,Ngn,Mgn)sin(amm) sin(yny) (7)
m=1n=1
N N
F = —2P,y* — 2P,2” + Z Z Frn sin(a,z) sin(y,y) (8)
m=1n=1

where
A1+ (D)™ (=14 (=1)")

mnm?

(Ngnngnvqmn) = (NT7MT7q) (9)

Here a,, = mm/a and v, = nn/b. Two different in-plane boundary conditions are considered
for simply supported plate, SS1 where w = w,z, = 0 and SS2 where u = v = w = W3, = 0. P,
and P, are the tensile loads defined at = 0,a and y = 0, b, respectively, for SS2 case which can
be obtained by the following relations. The purpose is that the plate edges should be restricted
to move along the x and y directions. Then, the axial displacements can be expressed by

a1 1
w= /0 {E(F,yy ~ VFar) = 5 + aAT} dz (10)
b1 1,
v:/o {E(Exx—yEyy)— 2w,y+aAT} dy (11)
Substitution from relations (7) and (8) into the above relations gives
—4aP, 4avP, aFy[va? + 92 [-1+ (=)™ [-1+ (—=1)"] a
u=—7: 4+ = gy —mnimom - n FoT; + aaAT — gafnw?nn
(12)
—4bPy | AbvPy  bFpalag, +vop] [-14 (=1)™][-1 + (=1)"] b o o
= — AT — 2
""TE TTE Emn? ba g ntmn

(13)
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where for immovable edges u = v = 0 and the tensile loads will be expressed by

Vo Fmn [-14 (=1)™] [=1 + (=1)"] Ew?,, NT
mnm? T 8(1- )(a +v75) + h(i—71)
ag@an [—1 + (_1)m] [—1 + (—1) ] Ew? NT

_ mn 2 2
mnm? 8(1—v?) (vam + ) + h(1—v)

P, =

P, =-
Substituting relations (7) and (8) into equations (3) and (5) leads to

2
((azn + 'y,%) Fonh — (a?n + ’yﬁ) N;‘Zn> sin(a,x) sin(yny)
— Eh {(amYnWmn cos(@mx) cos(1ny)) (ryswys cos(a,x) cos(vsy))
- (a?nwmn sin(aypx) sin(wny)> (Wgwm sin(a,x) sin(’ysy)) } =0 (16)

D(2 2)? _4hP,a2 — 4hP? i i
o, + ’yn> e i v Yn | Wmn sin(am) sin(yv,y)

—h{( 2F, ¢ sin (o) sin(ysy) ) (a Wy, SIN( Q) sm(’yny))
—2 (apysFrs cos(ar) cos(vsy)) (mYnWmn cos(amz) cos(vny))

+ (arFTs sin(az) sin(vsy ) (vnwmn sin(ay,x) sm('yny))}
- ((0‘72% + 73) M = qmn) sin(an ) sin(yny) = 0 (17)

Using the expansion theorem we obtain

(02, +92) nFn — (0, +42) NE,

_4Eh (am'}/nar’)/swmnwrSCmnrs - azrfyszwmnwrsnmnrs> - 0 (18)

2
D(O‘?n + %21) Wmn — 4h(o¢$an + 'YTZLPy)wmn - (O‘?n + '7721) Mnjjm — dmn
_4hFrswmn (agnf}/gnmnrs - 2am7nar’}/s<mnrs + Vgaznmnrs> =0 (19)

where
¢ _ (—m + 2m(=1)?"" — m(=1)")(—n + 2n(—1)2"+* — n(-1)%)
s 72 (4m?2 — r?)(4n? — s2)
_ (_2m2 4 2m2(_1)r _ (_1)TT2 i 702(_1)2711—1—7‘)
Thmairs = rsm2(4m? — r2)(4n? — s2)
(_2n2 4 2n2(_1)s _ (—1)882 4 82(_1)2n+s>
+ rsm2(4dm? — r2)(4n? — s2)

(21)

For uncoupled term approximation (r = m and s = n), the above equations will be reduced to
a cubic nonlinear equation as follows

32FEhat yiH2,, - 5 9\2 5 5 8N Hpyna 2
peprer O G B L e A e e g KL

_<O‘%v, + ’YTQL) Mnjjm — qmn =10 (22)
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B -1+ 2(_1)m + 2(_1)n _ (_1)3m _ (_1)3n _ 3(_1)m+n + (_1)3m+n + (_1)m+3n

J 2 ——
mn 3mnm?
(23)
The membrane stresses may be obtained by the stress function F' as follows
N N
Ooe = Fyy=>_ Y (_4Px — Yo Frn sin(am) Sin(vny)) (24)
m=1n=1
N N
Oyy = Flgz = Z Z (—4Py — 02 Fyn sin(a,x) sin(’yny)) (25)
m=1n=1
N N
Toy = —Floy = Z Z Y Fmn cos(@m ) cos(Yny) (26)
m=1n=1
The extreme-fiber bending stresses are expressed by
N N
B Eh(ag, +v . .
e Z Z 127")wmn sin(,x) sin(y,y) (27)
m=1n=1 v )
N N
Eh(vyf + vag, . .
— Z Z men sin(a,x) sin(y,y) (28)
m=1n=1 -V )
N
Eha
Z Z m¥n —— W cos( ) cos(Yny) (29)
m=1n=1 + V)

where the Einstein summation convention over repeated indices m,n,r, and s are used. For
any assumed NV, a set of nonlinear algebraic equations will be derived. Figure 1 describes this
procedure for determining the transverse displacement of the plate.

Set m=n=1 and number of series
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3. Results and discussion

In this section, numerical examples for nonlinear analysis of plates under thermo-mechanical
loads are presented to demonstrate the performance of the proposed method. The Poisson’s
ratio of the plate is assumed to be 0.3. Dimensionless parameters are considered as: centre
deflection= w/h, load parameter= ga*/Eh*, stress= (044, Gyy, Toy)a? / ER2.

The centre deflection for an isotropic square plate (E = 7.8 x 10° psi, a = b = 1) subjected
to uniformly distributed load is firstly compared in Figure 2 with the results of a finite element
(FE) solution [8]. Numerical results are presented for N = 1 and N = 3 and for two specific
simply supported boundary conditions, SS1 and SS2. Solutions for one term approximation
(N = 1) match closely with FE solutions. As mentioned before, the material properties of the
plate are assumed to be temperature-dependent. For this purpose Eurocode [7] suggests a trend
for reduction of elasticity modulus of carbon steel with temperature which is plotted in Figure 3.
Figure 4 shows the variation of extreme-fibre bending and membrane stresses in a square plate
under uniformly distributed load and linear temperature changes (AT = 0.5+ T, z). The case
associated with SS1 produces higher membrane and extreme-fibre bending stresses than SS2
case because of the existence of extension-bending coupling. It is observed that by increasing
the value of load parameter, the plate is dominated by membrane stresses. For SS2 case, mem-
brane stresses decrease due to the nature of the proposed stress function. The contour plots of
extreme-fibre bending stresses for a square plate under thermo-mechanical loads are illustrated
in Figure 5. The stress concentration for both patterns are similar to the finite element analyses.

c
2
® —=—FEM 8], SS1
T o5l —=—FEM [8], SS2 Stress free edges g
° —e—N=1, SS1
a —e—N=1, SS2
L Lol ——N=3, SS1 1
0
< —4—N=3, 582
[
£
T 15t ! : ]
=
2
. Immovable edges
05 1
Figure 2. Convergence of the
0 20 40 60 8 100 120 140 160 180 200 centre deflection for a square plate
Laod parameter under uniformly distributed load.
1.2
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Figure 3. Reduction of elasticity
% 200 200 600 800 000 o modulus for carbon steel with
Temperature (°C) temperature [7].
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Figure 4. Bending and membrane

stresses in a square plate under

% 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 thermo-mechanical load (N =
Load parameter 1,T,, = 200)

y u

Figure 5. Contour plots of bend-
‘ ing stresses for a square plate (N =
3,T,, = 800, load parameter=100):
(b)

(a) 07o=10.437; (b) 75y= -8.517.

The present analysis has wide applications in structures under fire, particularly when elements
of fire compartment boundaries such as wall panels are subjected to high temperatures and
thermal gradients resulting in large displacements. Furthermore, evaluating new materials for
aerospace applications could involve this kind of analysis.

4. Conclusions

A new mathematical formulation is developed for nonlinear stress analysis of plates with
large displacements subjected to thermo-mechanical loads. The solution based on one term
approximation was very close to those of other considered approaches whereas the solution of
coupled terms provides more accurate results. The actual immovable edges can be simulated
using an appropriate stress function. The results reveal that the effects of membrane action on
large scale plates under thermo-mechanical loads are more than the effect of bending action.
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