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Abstract- Fiber reinforced composites offer light weight and
high stiffness which attracts largely by the aerospace industry
for structural applications. In particular, carbon composites are
extensively used in space applications where dimensional sta-
bility is a prime requirement. Most of the structural compo-
sites are made of with polymers as matrix material. Compo-
site structures may be exposed to humidity, water immersion,
salt spray, jet fuel, hydraulic fluid, stack gas (includes sulfur
dioxide), and the combined effects temperature and moisture
for a long time which reduces the strength and stiffness of the
structure. In the design of composites, it is important to con-
sider the effects of moisture absorption and temperature distri-
bution, since polymers are more vulnerable to environment.
Therefore a detailed study is necessary to study environmental
effects in design of composites. An attempt is made to study
the environmental effects using classical laminate plate theory
(CLPT). In the CLPT, the peel stresses and transverse shear
stress are not considered as the laminate thickness is very
small compared to other dimensions of the plate. A systematic
procedure is developed for the analysis of laminated compo-
site plates using CLPT. The bending behavior is analyzed for
simply supported plates subjected to sinusoidal load. The
computed numerical results are compared with the published
results the accuracy of procedure. Having tested the procedure,
the procedure is extended further to include the stress compo-
nents which are not considered in CLPT. The procedure is
known to be the first order shear deformation theory (FSDT).
To study the effects of hygrothermal critically it is necessary
to evaluate all the stress components. Once again the proce-
dure is being tested for the accuracy with the published results.
Tsai-Wu failure criterion is employed to do study the first ply
failure analysis. The developed procedure is implemented in
MATLAB. Transverse deflections, stresses and first ply fail-
ure loads are computed when a simply supported plate is sub-
jected to Mechanical, hygrothermal, and both mechanical and
hygrothermal loads.

Keywords- CLPT, FSDT.

I.  INTRODUCTION
A composite is structural material consists of two or more
cobined constituents that are combined at macroscopic level
and are not soluble in each other. One constituent is called the
reinforcing phase and the one in which it is embedded is called
the matrix. It is well known that composite materials are being
widely used in recent years in such diverse industries as aero-

space, chemical, automobile, ship building and construction.
Very often structures made of composite materials are ex-
pected to perform under widely varying temperature and mois-
ture loadings. This has led to an increased in the hygrothermo-
elastic response of composite structures in recent years.

e FIRST ORDER SHEAR DEFORMATION THEORY
The classical laminate plate theory is based on the Kirchhoff
assumptions, in which transverse normal and shear stresses are
neglected. Although such stresses can be post computed
through 3-D elasticity equilibrium equations, they are not al-
ways accurate. The equilibrium-derived transverse stress field
is sufficiently accurate for homogeneous and thin plates; they
are not accurate when plates are relatively thick (i.e., a/h < 20).
In the first-order shear deformation theory (FSDT), a constant
state of transverse shear stresses is accounted for, and often
the transverse normal stress is neglected. The FSDT allows the
computation of interlaminar shear stresses through constitutive
equations, which is quite simpler than deriving them through
equilibrium equations. It should be noted that the interlaminar
stresses derived from constitutive equations do not match, in
general, those derived from equilibrium equations. In fact, the
transverse shear stresses derived from the equilibrium equa-
tions are quadratic through lamina thickness, as was shown in
CLPT, whereas those computed from constitutive equations
are constant.The more significant difference between the clas-
sical and first-order theories is the effect of including trans-
verse shear deformation on the predicted deflections, frequen-
cies, and buckling loads. As noted in the classical laminate
theory under predicts deflections and over predicts frequencies
as well as buckling loads with plate side-to-thickness ratios of
the order of 20 or less. For this reason alone it is necessary to
use the first-order theory in the analysis of relatively thick
laminated plates.

In CLPT the peel stresses are zero. To overcome this disad-
vantage First Order Shear Deformation theory is formulated.

e CLASSICAL LAMINATE PLATE THEORY

The classical laminated plate theory is an extension of the
classical plate theory to composite laminates. In the classical
laminated plate theory (CLPT) it is assumed that the Kirchhoff
hypothesis holds:

An assumption is that which is necessary for the development
of the mathematical model, whereas a restriction is not a nec-
essary condition for the development of the theory.
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(1) Straight lines perpendicular to the midsurface (i.e.,
transverse normals) before deformation remain straight
after deformation.

(2) The transverse normals do not experience elongation (i.e.,
they are inextensible).

(3) The transverse normals rotate such that they remain per-
pendicular to the midsurface after deformation. The first two
assumptions imply that the transverse displacement is inde-
pendent of the transverse (or thickness) coordinate and the
transverse normal strain €, is zero. The third assumption re-
sults in zero transverse shear strains, €y, = 0, €y, = 0.

Boundary Conditions:
The following are the different types of simply supported
boundary conditions on all four edges of the plate.

BCla: u=w=@y=0 at x=0, a and v=w=¢,=0 at y=0,

b
BC1b: v=w=@,=0 at x=0, a and u=w=&,=0 at y=0,

b
BClc: u=v=w=®,=0 at x=0, a and u=v=w=&,=0

at

y=0, b.

Il. STRENGTH THEORIES AND HYGROTHERMAL

EFFECTS
Failure Criterion
Strength Ratio:

_ MaximumLoadWhichCan Be Applied

Load Applied

Tsai-Wu Failure Theory:
This theory is based on the total strain energy failure theory of
Beltrami, According to this theory a lamina is to be failed if

fo+ fy0, + £ 03y Ty + Ft 428010, <1 1)
Where
fi=@Q/(FR)u) =@/ FE)u)
fi. = @W/(RDWIFE D)
fz = (1/(F1T)un) -@/ FZC)uIt) '
fp = (1/(F2T Jun) — (cm Dur)
fe =0, fee = (1/(|:1—|2— )ult2

e =SV () F e (05)0)

HYGROTHERMAL EFFECTS:

*  The fabrication process of composite materials may intro-
duce reversible and irreversible effects due to processing
thermal cycle and chemical changes and due to the mis-
match in thermal properties of the constituents. The most
common manifestation of these effects are residual stress-
es and warpage.

«  After fabrication, composite structures operate in a variety
of thermal and moisture environments that may have a
pronounced impact on their performance. These hygro-
thermal effects are a result of the temperature and mois-

SR
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ture content variations and are related to the difference in
thermal and hygric properties of the constituents.

*  Processing and environmental effects are similar in na-
ture. They can be viewed and analyzed from the micro-
scopic point of view, on the scale of the fiber diameter, or
from the macroscopic point of view, by considering the
overall effects on the lamina, which is treated as a homo-
geneous material.

*  Analysis of the processing and hygrothermal effects is an
important component of the overall structural design and
analysis. The performance of a composite structure is a
function of its environmental history, temperature and
moisture distributions, processing and hygrothermal
stresses, and property variations with temperature and
moisture.

Hygrothemal effects can be categorized as follows:

Physical and Chemical Effects:

Moisture absorption and desorption process in polymer/matrix
composites depend on the current hygrothermal state and on
the environment. The glass transition temperature of the pol-
ymeric matrix varies with the moisture content. Polymeric
processes are a function of the hygrothermal properties of the
constituent materials and the composite and the current hygro-
thermal state. Material degradation and corrosion can be relat-
ed to hygrothermal factors.

Effects on Mechanical Properties:

Elastic and viscoelastic properties may vary with temperature
and moisture concentration. Failure and strength characteris-
tics, especially interfacial and matrix-dominated ones, may
vary with temperature and moisture content.
Hygrothermoelastic (HTE) Effects:

The composite material undergoes reversible deformations
related to thermal expansion (o) and moisture expansion ()
coefficients. Intralaminar and interlaminar stresses are devel-
oped as a result of the thermoelastic and hygroelastic inhomo-
geneity and anisotropy of the material.

Hygrothermal Effects on Mechanical Behavior:

The hygrothermal state affects the stress-strain behavior of
composite materials in two ways; the properties of the constit-
uents may vary with temperature and moisture concentration,
and fabrication residual stresses are altered by the hygrother-
mal state. Since the fibers are usually the least sensitive to
environment, hygrothermal effects are most noticeable in ma-
trix dominated properties, e.g., transverse tensile, transverse
compressive and in-plane shear properties.The influence of
moisture concentration is similar to that of temperature on
polymer matrix composites, and it is more pronounced at ele-
vated temperatures.

Hygrothermal Strains in Unidirectional Lamina:

A lamina undergoes hygrothermal deformation when subject-
ed to a uniform change in temperature AT=T-Toand uniform
change in moisture concentration Ac=c-Co, Where (To, Co) is a
reference hygrothermal state. Assuming the thermal and mois-
ture deformations to be uncoupled and the thermal and mois-
ture expansion coefficients to be constant (which is a good
approximation for most composites under normal Service
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conditions), the hygrothermal strains referred to the principal
material axes of the lamina are

Stress Analysis and Safety Factors for First-Ply Failure of
Symmetric Laminates:

For the FPF approach the selected failure criterion is applied
to the state of each layer separately. Thus, for a state of stress
(o1, 62, T6)K IN layer Kk, the state of stress at Failure of the same

layer is S (o1, 62, T6), Where S is the safety factor for layer k.

According to Tsai-Wu criterion: a Sg?+ bSx + ¢ =0

where 8=f11 (012 +Hf22(02%)kHos(T62 i +2f12(0102)k;
b=f1(o1)x+2(02)k+2f11(01 G16)k+2F22(02 02e)x+2f66(T6T6e )k +2f12(01
O1et 02 O2)K;

c=f1(01)HFa(026)k+f11(0162 it F22(0262 )+ 2f66 (T2 +2f12 (016

o2e)k-1.
—-b++/b*-4ac
Sta = )
2a
|—b—\/b2 —4ac|

& kar = ‘ ‘ . (3)

2a
Where Sga is the safety factor of layer k for the actual state of
stress (01,02,Ts)k and Sgr i the safety factor of the same layer k
for a state of stress with reversed sign, i.e., (-01,-02,~t6)x .The
procedure above is carried out repeatedly for all layers of the
laminate to find the minimum values of Ska, Swr. These mini-
mum values are the safety factors of the Laminate based on
the FPF approach, for the actual and reverse loadings. Thus

Sfa = (kaa)min, St = (kar)min
The axial tensile and compressive strengths of the laminate are
obtained as

Fx =(Stamin Fx = (Str)min -

The deflection of a plate subjected to temperature:

The temperature variation in the shell structure is either uni-

form everywhere, i.e., T(X,y,z)=To, or linearly varying across

the thickness, i.e., T(X, Yy, z)=T1z/h. The nondimensionalized

deflection values are given as
w=h w/o T1:a®2  (or) w*=h w/o Toa?.

where

ay is the longitudinal coefficient of thermal expansion,

h is the laminate thickness, and a is the length of the plate.

I1l. MATLAB
The name MATLAB stands for MATrix LABoratory.
MATLAB was written originally to provide easy access to
matrix software developed by the LINPACK (linear system
package) and EISPACK (Eigen system package) projects.
MATLAB is a high-performance language for technical com-
puting. It integrates computation, visualization, and program-
ming environment. Furthermore, MATLAB is a modern pro-
gramming language environment: it has sophisticated data
structures, contains built-in editing and debugging tools, and
supports object-oriented programming. These factors make
MATLAB an excellent tool for teaching and research.
MATLAB has many advantages compared to conventional
computer languages (e.g., C, FORTRAN) for solving technical
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problems. MATLAB is an interactive system whose basic data
element is an array that does not require dimensioning. The
software package has been commercially available since 1984
and is now considered as a standard tool at most universities
and industries worldwide. It has powerful built-in routines that
enable a very wide variety of computations. It also has easy to
use graphics commands that make the visualization of results
immediately available. Specific applications are collected in
packages referred to as toolbox. There are toolboxes for signal
processing, symbolic computation, control theory, simulation,
optimization, and several other fields of applied science and
engineering.

IV. RESULTS
The following properties are used in the analysis [14]:
E1/E2:25, G12=G13=0.5E>, 012=0.25, a1=3a.

Table 4.1 Non dimensional transverse deflections and stresses
of simply supported plate subjected to Sinusoidal loading.

Lami- Source | w Oxx Oy Oxz
nate
Refer- 0.4312 | 0.5387 | 0.0267 | 0.0213
0° ence
[14] 0.4312 | 0.5387 | 0.0266 | 0.0212
Present | 5 0 6 8
Refer- 0.4312 | 0.5387 | 0.0267 | 0.0213
(0°/90°/0 | ence
°) [14] 0.4312 | 0.5387 | 0.0266 | 0.0212
Present | 5 0 6 8

Table 4.2 Non dimensional transverse deflections and stresses
of simply supported plate

a/h Loa | Source W Oy Oxy o
d *102
Refer- 1.107 | 0.715 | 0.052 | 0.272
ence 0 7 5 8
[14]
2| SSL | present | 1.121 | 0.678 | 0.051 | 0.239
8 4 1 8
Refer- 1.065 | 0.715 | 0.052 | 0.272
100 SSL | ence 3 7 5 8
[14]
Present | 1.038 | 0.678 | 0.051 | 0.239
5 4 1 8
CLP | SSL | Refer- 1.063 | 0.715 | 0.052 | -
T ence 6 7 5
(a/b [14] -
=1) Present | 1.683 | 0.678 | 0.051
5 4 1

The failure of a multidirectional laminated plate [0/90/0] sub-
jected to mechanical loading.

The following properties are used in the analysis [18];
E1=181GPa, E>=10.3Gpa, G1.=7.17GPa, a/b =1, a/h =100.

Table 4.3.1 the layer safety factors at the midplane of each
layer for mechanical loading only
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Layer Surface 0° 90° 0°
safety fac-
tor
Stka Middle | 6.8318*10° 1/0 1.0525*10°
Stkr Middle | 1.0525*10° 1/0 6.8318*10°

Table 4.3.2 the laminated plate safety factors and the axial
tensile and compressive strengths of a simply supported plate
subjected to mechanical loading only

The failure of a multidirectional laminated plate [0/90/0]
subjected to both mechanical and hygrothermal loading.

The following properties are used in the analysis [18];
E1=181GPa, E2=10.3Gpa, G12=7.17GPa, a/b =1, a/h =100,
AT=45°, Ac=0.01.

Table 4.3.3 the layer safety factors at the midplane of each

layer for mechanical loading and hygrothermal loadings.
Layer
safety | Surface 0° 90° 0°
factor
Stka Middle | 1.0525*10° 1/0 1.0525*10°
Stur Middle | 1.0525*10° 1/0 1.0525*10°

Table 4.3.4 the laminated plate safety factors and the axial
tensile and compressive strengths for mechanical loading and
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Table 4.5.2 The Hygrothermoelastic stresses at the Bottom of
each ply of a simply supported plate.

Ply Gle G2 G12e
0° 8.8971e+003 | -0.3704e+003 0.0000
90° 0.1802e+004 1.1069e+004 0.0000

The nondimensionalized central deflection (w*) values of

Laminate

Sta St Fx'[ FXC

[0/90/0]

1.0525*10° | 1.0525*10° | 1.0525*10° | 1.0525*10°

hygrothermal loadings.

Lami- Sfa g fr E Exc
nate
[0/90/0] | 1.0525*1 | 1.0525*1 | 1.0525*1 | 1.0525*1
0° 0° 0% 0°

Table 4.4 Comparison of strength components of a [0/90/0]
laminated plate subjected pure mechanical loading and com-
bined mechanical and hygrothermal loading.

Mechanical loading Mechanical+Hygrothermal
loading
F xt F XC F xt F XC
1.0525*10% | 1.0525*10° | 1.0525*10° | 1.0525*10°

The Hygrothermoelastic stresses of all the plies of [0/90] lam-
inated plate subjected to a temperature change.
The following properties are given for the analysis [18]:

E;=181GPa,E»=10.3GPa,G1,=7.17GPa,v12=0.28,01=0.02pm/m
/°c, 02=22.5um/m/°c, a12=0, B1=0, B>=0.6m/m/kg/kg, B1.=0,
AT=45c, Ac=0.01.

Table 4.5.1 The Hygrothermoelastic stresses at the Top of
each

ply of a simply supported plate

Ply Gle O2e G12e
0° -1.1069e+004 | -0.1802e+004 0.0000
90° 0.3704e+003 | -8.8971e+003 0.0000

four- layer simply supported plates (BC 1b) with uniform
temperature field are presented in table 5.8. The generated
results are found to be in good agreement with the published
results. The following properties are given for the analysis
[16]:

E, = 53.8GP6., E, = 17.9GP8., G =Gy =Gz = 8.626Pa,
D12

= 0.25, o.1= 6.3*10° m/m/°c, a» = 22.5%10° m/m/°c, a/b=1,
a/h

=10, T=To=45"c.

Table 4.6 the non dimensionalized central deflection (w*) of
simply supported plate subjected to uniform temperature field.

[30/
Lami- | [0/90/9 | [oroos | 149/ | [#55- 1 5oy
nate | o/0] | ooy | A2 | 49451 s

asias) | 5] | %)

Refer- |00 |00 |00 |00 |00

ence[16 | 7.5363 | 7.536 | 6.012 | 6.012 | 6.29

1 ¥108 | 3%108 | 9*10° | 9*10° | 61*1

Present 08

The Strength Ratio’s of [0/90/0] laminate subjected to tensile
normal load in the X-direction are presented in Table 4.7.1,

2,3.

The generated results are found to be in good agreement with

the published results.

The following properties are given for the analysis [18]:

E:1=181GPa, E,=10.3GPa, G1,=7.17GPa, 1v1,=0.28 and thick-

ness of each ply is 5mm, f;=0 Pa’!, ,=2.093*10® Pa?,
f11=4.4444*101° Pa’?, ,=1.0162*106 Pa?, fz=0 Pa™,
fe6=2.1626*1076 Pa?, f1,=3.360*10*8 Pa.

Table 4.7.1 The Local Stresses (Pa) of each layer of the lami-
nate [0/90/0]

Ply | Posi- Source o1 62 T12
No. | tion

Top Refer- 9.726*1 | 1.313*1 | 0.

ence[18] 0! ° 0

1 Present 97.2639 | 1.3131 0.

(09 0

Middle | Refer- 9.726*1 | 1.313*1 | 0.

ence[18] 0! Qo 0

Present 97.2639 | 1.3131 0.

0
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Bot- Refer- 9.726*1 | 1.313*1 | 0. Mid- Refer- - 5.353*10 | 0.
tom ence[18] 0? Qo 0 dle ence[18] 2.297*10 | 1© 0
Present 97.2639 | 1.3131 0. Present 11 0.5353*1 | 0.
0 - 0° 0
Top Refer- - 5.472*1 | 0. 0.023*10
ence[18] 2.626*1 | Q° 0 9
2 Present 0° 5.4721 0. Bot- Refer- - 5.353*10 | 0.
(90° -2.6263 0 tom ence[18] 2.297*10 | 10 0
) Middle | Refer- - 5.472*1 | 0. Present 1 0.5353*1 | 0.
ence[18] 2.626*1 | Q° 0 - 0° 0
Present 0° 5.4721 0. 0.023*10
-2.6263 0 o
Bot- Refer- - 5.472*1 | 0. Top Refer- 5.353*10 | - 0.
tom ence[18] 2.626*1 | Q° 0 ence[18] 10 2.297*10 | O
Present Qoo 5.4721 0. Present 0.5353*1 | 1 0.
-2.6263 0 3(0° 0° - 0
Top Refer- 9.726*1 | 1.313*1 | 0. ) 0.023*10
ence[18] ot 0° 0 o
3) Present 97.2639 | 1.3131 0. Mid- Refer- 5.353*10 | - 0.
(0°) 0 dle ence[18] 10 2.297%10 | 0
Middle | Refer- 9.726*1 | 1.313*1 | 0. Present 0.5353*1 | 0.
ence[18] 0! 0 0 0° - 0
Present 97.2639 | 1.3131 0. 0.023*10
0 -9
Bot- Refer- 9.726*1 | 1.313*1 | 0. Bot- Refer- 5.353*10 | - 0.
tom ence[18] o! 0 0 tom ence[18] 10 2.297*10 | O
Present 97.2639 | 1.3131 0. Present 0.5353*1 | 1 0.
0 0° - 0
0.023*10
Table 4.7.2 The Local Strains of each layer of the laminate N
[0/90/0]
Ply | Posi- Source €1 £ Y12 Table 4.7.3 The Strength Ratios of each layer of the laminate
No. | tion [0/90/0]
Top Refer- 5.353*10 | - 0. Ply Source SR. at|SR. at|SR. at
ence[18] -10 2.297*10 | 0O No. Top Middle Bottom
Present 0.5353*1 | 1 0. 1(0°) | Refer- 1.339*%107 | 1.339*%107 | 1.339*107
1(0° 0° - 0 ence[18] 1.3395*1 | 1.3395*1 | 1.3395*1
) 0.023*10 Present 0’ 0’ 0’
-9 2(90° | Refer- 7.2799*1 | 7.2799*1 | 7.2799*1
Mid- Refer- 5.353*10 | - 0. ) ence[18] 08 06 08
dle ence[18] -10 2.297*%10 | O Present 7.2773*1 | 7.2773*1 | 7.2773*1
Present 0.5353*1 | 0. 0° 0° 0°
0° - 0 3 Refer- 1.339*%107 | 1.339*107 | 1.339*107
0.023*10 (0°) | ence[18] 1.3395*1 | 1.3395*1 | 1.3395*1
-9 Present 0’ 0’ 0’
Bot- Refer- 5.353*10 | - 0. The global strains and stresses of all the plies of [0/90] graph-
tom ence[18] -10 2.297*10 | O ite/epoxy laminate subjected to a temperature change are pre-
Present 0.5353*1 | ‘1 0. sented in Table 4.8.1, 2. The generated results are found to be
0° - 0 in good agreement with the published results.
0.023*10 The following properties are given for the analysis [18]:
-9 E1=181GPa, E,=10.3GPa, G1,=7.17GPa, v1,=0.28,
Top Refer- - 5.353*10 | 0. 01=0.02m/m/ °c, 02=22.5m/m/ °c, AT=-75°C.
ence[18] 2.297*10 | 10 0
Present 11 0.5353*1 | 0. Table 4.8.1 The Global Strains of each layer of a laminate.
2 - 0° 0 Ply | Posi- | Source & &y Yxy
(90° 0.023*10 No. | tion
) 9 Top | Refer- 2.475*10 | - 0.0
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07
Mid- | Refer- 9.912*10 | - 0.
dle ence[18] 6 9.912*10 | O
Present 9.9120*1 | © 0
0° -
9.9120*1
06
Bot- Refer- 7.535*10 | 4.718*10 | 0.
tom ence[18] 6 7 0
Present 0.7535*1 | 4.7183*1 | O
0’ 0’

ence[18] | * 1.029%10 | O
1(0°) Present 0.0002 3 0
-0.0010
Mid- | Refer- - - 0.0
dle ence[18] 7.160*10 | 7.098*10 | O
Present 5 -4
0.0716*1 | 0.7098*1
03 03
Bot- | Refer- - - 0.0
tom | ence[18] 3.907*10 | 3.907*10 | O
Present 4 -4
0.3907*1 | 0.3907*1
03 03
Top | Refer- - - 0.0
ence[18] 3.907*10 | 3.907*10 | O
Present A4 -4
2(90 . )
) 0.3907*1 | 0.3907*1
03 03
Mid | Refer- - - 0.0
dle ence[18] 7.098*10 | 7.160*10 | O
Present 4 -5
0.7098*1 | 0.0716*1
03 03
Bot- | Refer- - 2.475*10 | 0.0
tom | ence[18] 1.029%10 | # 0
Present -3 0.0002
-0.0010

4.8.2 The Global Stresses (Pa) of each layer of a laminate.

Ply Posi- | Source Ox oy Tx
No. | tion y
Top Refer- 4,718*10 | 7.535*10 | 0.
ence[18] 7 6 0
Present 4,7183*1 | 0.7535*1 | O
1(0°) 07 0’
Mid- | Refer- - 9.912*10 | O.
dle ence[18] 9.912*10 | © 0
Present 6 9.9120*1 | O
- 06
9.9120*1
06
Bot- Refer- - 1.229*10 | 0.
tom ence[18] 6.701*10 | 7 0
Present 7 1.2289*1 | 0
- o7
6.7007*1
07
Top Refer- 1.229*10 | - 0.
ence[18] 7 6.701*10 | O
Present 1.2289*1 | 7 0
2(90 0’ -
") 6.7007*1

V. CONCLUSIONS

Graphite composites have exceptional mechanical properties.

These materials are strong, stiff, and lightweight. Graphite

composite is the material of choice for applications where

lightweight & superior performance is important, such as
components for spacecraft, fighter aircrafts, and racecars.

The three greatest advantages of graphite composites are:

* High specific stiffness (stiffness divided by density)

* High specific strength (strength divided by density)

* Extremely low coefficient of thermal expansion (CTE)

1. The nondimensionalized transverse deflections and stresses
in specially orthotropic square plates subjected to various
types of mechanical loadings under Classical Lamination
Plate The -ory are obtained with negligible errors.

2. The nondimensionalized maximum transverse deflections
and stresses of simply supported antisymmetric cross-ply
square plates using First Order Shear Deformation Theory
are obtained with in 0 and 2% errors

3. The failure of multidirectional laminated plates subjected
to purely mechanical and combined mechanical and hygro-
thermal loadings are presented in this work are validated.

4. The nondimensionalized central deflection values of four
layer plates with uniform temperature field for one bounda-
ry condi- tion are obtained with negligible error.

5. The residual stresses at the top, middle, bottom surfaces of
all the plies of [0/90] laminate subjected to temperature
change are obtained with negligible error.

6. The hygrothermoelastic stresses are calculated.

7. The strength ratios for all the plies of [0/90/0] laminate
using Tsai-Wu failure theory are obtained with negligible
errors.

Tsai-Wu failure criterion is achieved in association with
CLPT to predict the failure of a simply supported plate sub-
jected to both mechanical and hygrothermal loads.

VI. REFERENCES

[1]. S.W. Tsai, Composite Design, fourth ed., Think Composites,
Dayton, 1988.

[2]. H.T. Hahn, R.Y. Kim, Swelling of composite laminates, Ad-
vanced Composite Materials-Environmental Effects, ASTM
STP 658, 1978, pp. 98-120.

[3]. G.C. Sih, J.G. Michopoulos, S.C. Chou, Hygrothermoelasticity,
Marinus Nijhoff Publishers, 1986.

[4]. G. Springer, Numerical procedures for the solutions of one-
dimensional Fickian diffusion problems, Environmental Effects

INTERNATIONAL JOURNAL OF RESEARCH IN ELECTRONICS AND COMPUTER ENGINEERING

A UNIT OF I20R

1279 |Page



IJRECE VOL. 6 ISSUE 4 ( OCTOBER- DECEMBER 2018) ISSN: 2393-9028 (PRINT) | ISSN: 2348-2281 (ONLINE)

on Composite Materials, Technomic Publishing Co. Westport,
CT06880, USA, 1981, pp. 166-199.

[5]. R.B. Pipes, J.R. Vinson, T.W. Chou, On the hygrothermal re-
sponse of laminated composite systems, Journal of Composite
Materials 10 (1976) 129-148.

[6]. Y.Stavsky, Thermoelasticity of heterogeneous aelotropic plates.
J.Engng Mech. Div., Proc.ASCE 89,89-105 (1963)

[7]. C.H.Wu and T .R.Tauchert, Thermoelastic analysis of laminated
plates. 1: Symmetric specially orthotropic laminates, J. Therm.
Stresses 3, 247-259 (1980).

[8]. C.H.Wu and T .R.Tauchert, Thermoelastic analysis of laminat-
ed plates. 2: Antisymmetric cross-ply and angle-ply laminates, J.
Therm. Stresses 3, 247-259 (1980).

[9]. J.N.Reddy and Y.S. Hsu,Effects of shear deformation and ani-
sotropy on the thermal bending of layered composite plates. J.
Therm. Stresses 3, 475-493 (1980).

[10].L.W.Chen,Thermal deformation and Stress analysis of compo-
site laminated plates by finite element method. Comput. Struct.
35,41-49 (1990).

[11]. S. Timoshenko and W.Woinowsky-Krieger, Theory of Plates
and Shells. McGraw-Hill, New York (1959).

[12].K.S.Sai Ram, & P.K.Sinha, Hygrothermal effects on the bend-
ing characteristics of laminated composite  plates.
Int.j.Computers & Structures, 40 (1991) 1009-15.

[13].H.T. Hahn, Residual stresses in polymer matrix composite lami-
nates, Journal of Composite Materials 10 (1976) 266— 278.

[14]. J.N.Reddy. “Mechanics of composite plates theory and analy-
sis”. CRC-Press, 1997.

[15].Pagano, N.J. and Pipes, R.B., “inter laminar stress in composite
laminates under uniform axial extension”. journal of composite
Materials 4,538-548, 1972.

[16].K. Chandrashekara and A. Bhimaraddi “Thermal Stress Analy-
sis of Laminated Doubly Curved Shells Using a Shear Flexible
Finite Element”.

[17].Issac M. Daniel and Ori Ishai “Engineering Mechanics of Com-
posite Materials”. OXFORD UNIVERSITY PRESS, 1994.

[18]. Autar K. Kaw “Mechanics of Composite Materials”.

INTERNATIONAL JOURNAL OF RESEARCH IN ELECTRONICS AND COMPUTER ENGINEERING
A UNIT OF I20R 1280 |Page



