Journal of Sound and Vibration (2001) 248(2), 195-214
doi:10.1006/jsvi.2000.3506, available online at http://www.idealibrary.com on IIIE§|.®

®

HYGROTHERMAL EFFECTS ON THE DYNAMIC
BEHAVIOR OF MULTIPLE DELAMINATED COMPOSITE
PLATES AND SHELLS

P. K. PArHI

Department of Aerospace Engineering, Indian Institute of Technology, Kharagpur 721302, India
S. K. BHATTACHARYYA
Department of Civil Engineering, Indian Institute of Technology, Kharagpur 721302, India
AND

P. K. SinHA

Department of Aerospace Engineering, Indian Institute of Technology, Kharagpur 721302,
India. E-mail: pksinha@aero.iitkgp.ernet.in

(Received 23 March 2000, and in final form 4 September 2000)

A quadratic isoparametric finite element formulation based on the first order shear
deformation theory is presented for the free vibration and transient response analysis of
multiple delaminated doubly curved composite shells subjected to a hygrothermal
environment. A simple multiple delamination model developed by the authors earlier is
employed to take care of any number/size of delamination located anywhere in the laminate.
The analysis takes into account the lamina material properties at elevated moisture
concentration and temperature. Newmark’s direct integration scheme is used to solve the
dynamic equation of equilibrium at every timestep during the transient analysis. Several
numerical examples are considered and the results are compared with those available in the
literature. The results show a reduction in the fundamental frequency with an increase in the
percentage of uniform moisture content as well as temperature for simply supported
antisymmetric crossply and angleply laminates for any size of delamination considered. The
central dynamic displacements and the stresses at the center of laminates are observed to
increase due to the effect of moisture/temperature subjected to the suddenly applied uniform
pulse loading
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1. INTRODUCTION

Composite materials are being increasingly used in aerospace, civil, naval and other
high-performance engineering applications due to their light weight, high-specific strength
and stiffness, excellent thermal characteristics, ease in fabrication and other significant
attributes. Structures used in the above fields are more often exposed to high temperature as
well as moisture. The varying environmental conditions due to moisture absorption and
temperature seem to have an adverse effect on the stiffness and strength of the structural
composites. As, the matrix is more susceptible to the hygrothermal condition than the fiber,
the deformation is observed to be more in the transverse direction of the composite. The rise
in moisture and temperature reduces the elastic moduli of the material and induces internal
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initial stresses, which may affect the stability as well as the safety of the structures. Hence,
the changes in dynamic characteristics due to the hygrothermal effect seem to be an
important consideration in composite analysis and design, which are of practical interest.

Delamination is one of the most frequently encountered types of damages in composite
structures. It is in the form of separation of two adjacent layers resulting from high
interlaminar stresses. Laminates are prone to delamination during fabrication, assembly,
transportation or during normal use. Common types of delaminations are due to high- and
low-energy impact, exposure to a hygrothermal environment, abrasions, high stress
concentrations at geometric or material discontinuities and interlaminar shear failure.
Delamination is usually induced at relatively low load levels, well before the full load
capacity of the fibers is developed. In many cases, it may be in invisible form being
a reliability concern for aircraft, acrospace and other advanced structural systems. As the
presence of delamination in composite laminates may adversely affect the safety and
durability of structures, a comprehensive understanding of the delamination behavior is of
fundamental importance in the assessment of structural performance of laminated
composites.

The effect of environment on the free vibration of laminated plates was studied by
Whitney and Ashton [1]. They used the Ritz method to analyze symmetric laminates and
equilibrium equations of motion based on the classical laminated plate theory for finding
the natural frequencies of simply supported plates subjected to moisture and temperature
effect. Dhanaraj and Palaninathan [2] used the semi-loof shell element to study the free
vibration characteristics of composite laminates under initial stress, due to temperature.
They presented the results showing the effect of temperature on the natural frequencies of
antisymmetric laminates. Sai Ram and Sinha [3] investigated the effects of moisture and
temperature on the free vibration of laminated composite plates using the finite element
method. Results were presented showing the reduction in the natural frequency with the
increase in uniform moisture concentration and temperature for different laminates with
varying boundary conditions. Research study on the dynamic behavior of delaminated
composites is also very scarce in the open literature. Tracy and Pardoen [4], Paolozzi and
Peroni [5], and Shen and Grady [6] investigated the effect of single delamination on the
free vibration of composite beams using the “four region approach”. Tenek et al. [7] used
a similar approach for the simply supported composite plates. Krawczuk et al. [8] studied
the influence of fatigue cracks and delaminations on the dynamic characteristics of
laminated composite plates. Parhi et al. [9-12] investigated the free vibration, transient
response as well as impact and ply failure analysis of composite laminates with multiple
delaminations placed at any arbitrary location of the laminate.

There is hardly any research paper available in the open literature dealing with the study
of dynamic behavior of delaminated composites subjected to the hygrothermal
environment. The present work is aimed at developing a finite element method for free
vibration and transient response analysis of multiple delaminated composite plates and
shells subjected to uniform moisture content and temperature separately. Numerical results
are generated to analyze the variation of fundamental frequency of single and multiple
delaminated simply supported plates and shells with varying moisture contents as well as
temperatures. The effects of curvature, lamination scheme, etc., are studied for different
cases. The transient response of such laminates under uniform pulse loading is also
investigated for several varying delamination sizes, exposed to moisture/temperature
condition. The analysis incorporates the transverse shear deformation and rotary inertia
into account according to the Yang-Noris-Stavsky theory, which extends the Mindlin
theory to laminated composite plates. A simple multiple delamination model is developed
which can take care of any number of delaminations located anywhere along the thickness.
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Free vibration results are checked with those existing in the literature.

2. FINITE ELEMENT STRUCTURAL ANALYSIS

A laminated doubly curved shell panel of length a, width b and thickness h consisting of
n arbitrary number of anisotropic layers is considered as shown in Figure 1. The layer
details of the laminate are shown in Figure 2. The displacement field is related to midplane
displacements and rotations as

u(x, y, z, t) = u’(x, y, t) + z0(x, y, t),
v(x, y, z, 1) = 00x, y, 1) + z0,(x, y, 1),
w(x, y, z, 1) = wo(x, y, 1), (1)

where u, v and w are displacements in x, y and z directions, respectively, and the superscript
(°) corresponds to the midplane values. Here, 0, and 6, denote the rotations of the
cross-sections perpendicular to the y- and x-axis respectively. Using Sanders’ first
approximation theory for thin shells, the generalized strains in terms of midplane strains
and curvatures are expressed as

{Sxxa 8yy, A))xya Vxz> yyz}T = {ng, Sgya y)(c)ya nga ')))?z }T +z {kxx, kyy7 kxya kxza kyz}Ta (2)

where

ou® LY 00,

0x R, ox
8gx 600 w kxx aey
0 Jdy R k dy
o ojau o 2w L | s 9 o
/zy oy ox R, ¥ oy o ox
Vxz 0 ow kxz 0
Voe * T ox k.

ow
0, +— 0
y ay

and R,, R,, and R,, are the three radii of curvature of the shell element. All the dynamic
equations of equilibrium reduce to that for the plate, when the values of R,, R,, and
R,, become oo. The five degrees of freedom considered at each node of the element are u°,
%, w, 0, and 0, By using the eight-noded element shape functions, the element

displacements are expressed in terms of their nodal values given by
8 8 8 8
uO = Z Niu?, UO = Z ]Vivlpa w = Z ]Viwia 0x = Z ]Viexis By = Z ]Vieyi: (4)
i=1 i i i=1 i=1

where N;’s are the shape functions used to interpolate the generalized displacements, u{, vy,
w;, 0y; and 0,; at node i within an element.
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Figure 1. Laminated doubly curved composite shell axes.
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Figure 2. Layer details of the shell panel.

The stress resultants are related to the midplane strains and curvatures for a general

laminated shell element as
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where N,, N, and N,, are in-plane stress resultants, M,, M, and M,, are moment resultants
and Q,, Q, are transverse shear stress resultants. The terms with superscript (¥) represent the
corresponding non-mechanical inplane stress and moment resultants due to moisture and
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temperature. The extensional, bending-stretching and bending stiffnesses of the laminate
are expressed in the usual form as

n Zy _
(Aij’ Bij’ Dij) = Z J (Qij)k(lyzszz)dZ, la] = 1329 6. (6)
k=1 JZ—
Similarly, the shear stiffness is expressed as
n Zy _
(Aij) = Z J a(Qi dz, i, j=4,5. (7)
k=1JZ

o, the shear correction factor which is derived from the Timoshenko beam concept by
applying the energy principle is assumed as 5/6. It accounts for the non-uniform
distribution of transverse shear strain across the thickness of the laminate.

(Qi) in equations (6) and (7) are the off-axis stiffness values defined as

[ m? n? = 2mn m?  n? mn

(Qijh = n’ m? 2mn (Qijk n? m? —mn |, i,j=126,
|mn —mn m?—n? —2mn 2mn m?* —n?

_ [(m  —n m n .

(Qijh = :| (Qijk |: :| , Lj=45, @®)

| n m —n m
where (Q;;), are the on-axis stiffness coefficients in the material direction given by
Qll Q12 0 Q 0
Q=012 Q2 0 |, i,j=12,6 and (Qik= |: 54 0 ], i,j=4,5.
55
0 0 Qs

(Q;;) are calculated in the conventional manner from the values of elastic and shear moduli
and the Poisson ratio values.
The non-mechanical in-plane stress and moment resultants are given by

INY, N, Nﬁy}Tzki f ' (Ophleldz

=1JZi—
n Zy

(MY, MY, MY = Y f (O)iehzdz, ij=1,26. )
k=1JZ.-,

Here {e}, = {e. e, e, }i are the non-mechanical strains of the kth lamina, oriented at an
arbitrary angle 0, expressed as

e, 2 2 2 2
e,y = n> m? {ﬁ:}(c —Co) + n*  m? {Z:} (T —Ty), (10)
€y, —2mn  2mm —2mn  2mm

where m = cos 0, and n =sin6,. f, ff, are the moisture coefficients of a lamina and oy,
o, are the thermal coefficients. C, and T, are the reference moisture content and
temperature, respectively, and C and T are the elevated moisture concentration and
temperature respectively. In the present analysis, Co and T, are assumed as 0 and 300 K
respectively.
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The element stiffness matrix, [K,] is given by

k1= | | s sdcan (1)

where [ B] is the strain—-displacement matrix, [ D], the elasticity matrix and J is the Jacobian.
Full integration (3 x 3) is used for bending stiffness, whereas reduced integration (2 x 2) is
employed to evaluate transverse stiffness of the elements. A 2-point integration eliminates
the shear locking in case of thin plates.

Similarly, the consistent element mass matrix [ M,] is expressed as

1 1
[M] = j f N L] INDY dédy (12)

with [N], the shape function matrix and [p], the inertia matrix.
The element load vector, {F,} is presented by

1 1
r1= || g sdcan (13)

where {q} is the intensity of external transverse uniform loading.
The element load vector due to hygrothermal effects, {P}} is given by

[PY] = f 1 f BT (P dedn, (14)

where {F¥} = {NY N) NY, MY MY MY, 0 0}", as mentioned earlier in equation (9).
As calculating shear stiffness, a 2-point integration is employed to find out element mass
matrix and element force vector.

2.1. ELEMENT INITIAL STRESS STIFFNESS MATRIX
The linear strains are defined as
exx=Uy+WR, &,=0v,+WR,, V=u,+0v,,
Yer=U,+Wyi—Uu/Ry, p.=0v.+w,—0/R,.

Assuming that w does not vary with z, the non-linear strains of the shell are expressed as
[13, 14]

exm = [(Ux + W/R)? + v + (W — u/R)*]/2,

ey = [} + (vy + W/R)? + (W, — v/R)?*1/2,
Vaomt = [ + W/RJuy + 0,40, + W/Ry) + (W — w/Ri)(w,, — v/R,)],
Vxznt = [ + W/RJU; + 0,0 + W (W —u/Ry)],

Yyt = [Uyttz + (v + W/R)v: +wo(wy — V/R,)]. (15)

Putting u = u® + z0, and v =0° + z0, into equation (15), the non-linear strains are
modified. The above strains are expressed in matrix form as

{em} = {exmt &yt Viynt Vxzmt Vy=mi ) = [R]1{d}/2, where [R] is the multiplier matrix and

(@)= i+

T
00 04y Yt 29 0,0, 0 exe}. (16)
y y Ry Rx y Ry y y Y,y y

w
— u
R,
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Now, {d} can be expressed in the form of nodal degrees of freedom as

{d} =[G1{d.}, (17)
where
" N.. 0 NJR. 0 0 |
Ni, 0 0 0 0
0 Ni. 0 0 0
0 N;, NyJR, 0 0
—Nj/R, O N 0 0
: (18)
[G] — Z 0 —Ni/Ry Ni,y 0 0
i=1 0 0 0 N 0
0 0 0 N, 0
0 0 0 0 Ni
0 0 0 0 N;,
0 0 0 N; 0
0 0 0 0 N; |
and {3} = {u v wy Oy O,y ... ug v3 wg 0.5 0,5} 7.
The initial stress stiffness matrix is finally expressed in the form [3] of
1 1
(K= [ | ersielsezan (19)
-1J-1

where [S] is expressed by

Ny
ny Ny
0 0 N,
0 0 N, N, sym
0 0 0 0 N,
0 0 0 0 N, \
0 0 —-M, —M, O 0 N
_ 12
SI=1" 0 —-M, —M, O 0 N,h* Ni?
2 12
M, M, 0 0 0 0 0 0 N.h?
12
M, M, 0 0 0 0 0 0 N,h* Ni?
2 12
0 0 -0, -0, O 0 0 0 0 0 0
0, 0, 0 0 0 0 0 0 0 0 0 0

The first phase of the solution process is to obtain the initial displacements {6} due to
moisture and temperature in static conditions from the equilibrium equation

[K]{o'} = {PY},

(20)
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where { PV} is the global load vector due to hygrothermal effects. It leads to get the residual
strain values. Then the initial stress resultants are found from equation (5). Consequently,
the element initial stress stiffness matrices (equation (19)) are achieved.

2.2. DYNAMIC EQUILIBRIUM EQUATIONS

Neglecting the effects of damping, the assembly of element stiffness matrix, element initial
stress stiffness matrix, mass matrix and the load vector leads to the global dynamic
equations of equilibrium as
Free vibration

[M] (i} + {[K] + [K,]} {u} = 0. (21)
Forced vibration
[M]{ii} + {[K] + [K,]} {u} = {F}. (22)

Here, {u} and {ii} are the global displacement and acceleration vectors, respectively, and
[M] is the global mass matrix, [ K], the global stiffness matrix, [ K,], the global residual
stiffness matrix and {F} is the global load vector.

3. MULTIPLE DELAMINATION MODELLING

A typical composite laminate having p number of delaminations is considered as shown
in Figure 3. The displacement field within any sublaminate t is denoted by

ut=u1()+(z_z?)0x9 Ut=U9+(Z_Z?)0ya (23)
First
hi2
Second
.
[ » X
hi2

Pth delamination

\ K4

Figure 3. Multiple delamination model.



HYGROTHERMAL EFFECTS 203

where u?, v? are the midplane displacements of the tth sublaminate and z?, the distance
between the midplane of the original laminate and the midplane of the tth sublaminate. The
strain components at any layer of a sublaminate are found from equation (23) in the form of

Exx ng kxx
€y =<6 +(2—20){kyy . (24)
Vxy ‘ ng ‘ kxy

In order to satisfy the compatibility condition at the delamination boundary, it is assumed
that transverse displacements and rotations at a common node for all the three
sublaminates including the original one are identical. Applying this multipoint constraint
condition, the midplane displacements of any sublaminate ¢t can be generalized as

u) =u’ +z00,, v} =1v"+2z0,. (25)

The midplane strain components of the tth sublaminate are derived from it as

0 0

gxx gxx kxx

o\ _).0 0

Sy » =&y p+ 20 {Kyy b (26)
0 .0

Pxy ), Pxy kxy

Equation (26) is substituted into equation (24) to get the strain components at any layer
within a sublaminate. For any lamina of the rth sublaminate, the in-plane and shear stresses
are found from the relations

Oxx Q_11 Q12 Q_IG Exx

Oy =012 022 Q6| (&> (27)

Txy 016 026 Oss Vxy );

{sz} _ |:Q_44 Q_45j| {))xz} . (28)
Tyz Quas  Oss | (1y:)
Integrating these stresses over the thickness of the sublaminate, the stress and moment

resultants of the sublaminate are derived which lead to the elasticity matrix of the tth
sublaminate in the form

Aij Z:)Aij + BU 0
[D].=| B; z'Bi;j+D; 0], (29)
0 0 S
where
hy2 + z _ hy2 + 22 _
(4], = f [0]dz [B] = f [0 — ) dz.
—h/2+ 2 —hy2 + 20

/2 + 20 _ hy2 + 20 _
[Dij]t = J [Qij] (Z - Z?)z dZ, la] = la 2’ 67 [Sij]t = J [Qij] dZ’ l’J = 4’ 5.

—h/2+ 2 —h/2+ 2

Here, h, is the thickness of the tth sublaminate.
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4. NUMERICAL RESULTS AND DISCUSSION

Based on the above finite element hygrothermal analysis and multiple delamination
modelling, computer codes are developed to generate numerical results for studying the free
vibration and transient response of delaminated doubly curved composite shells exposed to
moisture and temperature. The formulation can handle any general distribution of moisture
and temperature in addition to the external loads. The accuracy of the present finite element
formulation is verified by comparing it with the non-dimensional frequency results of Sai
Ram and Sinha [3] and Ritz method [1] as shown in Table 1. The material properties are
assumed to be constant irrespective of moisture and temperature absorption for this case.

For the present dynamic analysis in the hygrothermal environment, moisture
concentration is varied from 0 to 1:5% and temperature from 300 to 425 K. For computing
the results, centrally located single and multiple delaminations are considered for various
doubly curved shells. Single midplane delamination of two different sizes like 25 and
56-25% of the total plate area are considered. Three different types of delaminations like (1)
single midplane delamination (2) three uniform delaminations and (3) five uniform
delaminations are analyzed. For case (2), delamination interfaces are located after 8th, 10th
and 12th ply and for case (3), delaminations are considered after 6th, 8th, 10th, 12th and
14th ply. For all the laminates considered below for free and forced vibration analysis, the
simply supported boundary condition is adopted.

The mechanical properties for the carbon-epoxy composites and the shell planform
geometry are assumed to be as follows:

E, =1725GPa, E, = E; = 69 GPa, G, = G;3 =345 GPa, G,3 = 138 GPa, p = 1600
kg/m3, v, =025, a=b=035m, h =5mm, a/h = 100.

TaBLE 1

Non-dimensional frequency 7. = [wna®(p/E,h*)V?] of simply supported (0/90/90/0) plate,
a/b =1, a/h =100

C=01% T =325K

Moge - - ] ]
number Sai Ram Present Ritz Sai Ram Present Ritz

m and Sinha [3] FEM  method [1] and Sinha [3] FEM  method [1]

1 9-429 9393 9411 8-088 8046 8068

2 20:679 19-887 19911 19-196 18-:350 18-:378

3 40-068 39-345 39-528 39-324 38-590 38778

TABLE 2

Elastic moduli of carbon-epoxy lamina at different moisture concentrations, G,3 = Gy,,
Gy3=04Gy,, 1 =0, f, =044

Elastic Moisture concentration, C (%)

moduli

(GPa) 0-00 0-25 0-50 075 1-00 1-25 1-50
E, 172°5 172:5 172:5 1725 1725 172°5 172:5
E, 69 672 6-54 636 617 617 617

Gy, 345 345 345 345 345 345 345
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The lamina material properties at the elevated moisture concentrations and temperatures
used in the present analysis are shown in Tables 2 and 3 respectively. Numerical
convergence of results for the present dynamic analysis is carried out testing with various
mesh sizes of the laminates as well the timesteps. The converged mesh size and timestep used
in the analysis are 8 x 8 and 10 us respectively.

4.1. FREE VIBRATION

In the present investigation, the results are presented for antisymmetric delaminated
crossply and angleply laminates subjected to uniform distribution of moisture and

TABLE 3

Elastic moduli of carbon-epoxy lamina at different temperatures; G135 = Gy, G35 = 014Gy ,,
oy = —03x107%/K, a, =281 x 10~ ¢/K

Elastic Temperature T (K)
moduli
(GPa) 300 325 350 375 400 425
E, 1725 1725 1725 1725 1725 1725
E, 69 617 581 545 5-08 49
Gy, 345 345 316 2-88 273 2-59
TABLE 4

Variation of first natural frequency, fi(Hz) for midplane delaminated spherical shells
(R. =R, =R, R,, = o) and plates for different moisture contents

R/a=5
Delamination Stacking
size sequence C=0 C=025% C=05% C=075% C=1%C=15%
No delamination (0/90), 202:02 20191 201-82 201-72 201-64 201-44
(45/ — 45), 347-52 34635 34523 344-18 34318 34097
25% (0/90), 187-51 187-40 187-30 187-21 187-12 18693
45/ —45), 29223 291-73 291-24 290-77 29032 289-29
56:25% (0/90), 183-96 183-78 183-61 183-45 18329 18295
(45/ —45), 26473 276-82 287-54 297-08 292-13 —
R/a =10
No delamination (0/90), 129-20 12896 12873 128-52 12832 127-87
45/ —45), 301-13 297-03 293-09 289-32 28575 27770
25% (0/90), 104-59 104-40 104-22 104-05 103-89  103-55
45/ —45), 22510 222-26 219-51 21685 214-33  208-58
56-25% (0/90), 98-36 98-03 9772 9742 97-14 9651

45/ —45), 18298 180-28 177-63 17504 17253 166-69
R/a = oo (plate)

No delamination (0/90), 9272 9216 9163 9113 9065  89-60
(45/ —45), 12426 9823 6458 — — —

25% (0/90), = 5293 5191 5092 4996 4905 4699
(45/—45), 9082 4433 — — — —

56:25% (0/90), ~ 3950 3814 3680 3548 3420 3116
45/ —45), 7116 — — — —
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temperature. Fundamental natural frequencies, f; (Hz) for various spherical shells are
presented in Tables 4 and 5 with different sizes of central midplane delaminations subjected
to the effect of moisture content and temperature respectively. Three different R/a ratios are
considered. It is obvious from the tables that with an increase in R/a ratio, the natural
frequency decreases. The increase in percentage of moisture content as well as temperature
reduces the natural frequencies. It is caused due to the reduction in the value of residual
stiffness matrix with increase in moisture content/temperature which finally reduces the
global stiffness. Again, with an increase in the size of delamination, the natural frequency
decreases due to the overall reduction in stiffness of the laminate. The f; value is observed to
be lower for crossply laminate for all the cases considered. Results for cylindrical shells for
similar cases are shown in Tables 6 and 7 for moisture and temperature respectively. As
observed, the effect of delamination is more predominant in the case of a cylindrical shell
compared to a spherical shell. Table 8 presents the effect of multiple delamination for two
different laminates for varying percentages of moisture content. The temperature effect for
the similar cases is shown in Table 9. Tables 4 and 5 depict that, the equilibrium of midplane
delaminated (45/ — 45), plate becomes unstable at higher moisture contents and
temperatures, which does not occur for crossply laminates. A similar observation is also
revealed for multiple delaminated (45/ — 45),, plate presented in Tables 8 and 9. The
instability seems to be a function of both hygrothermal effect as well as the magnitude of the
delamination.

TABLE 5

Variation of first natural frequency, fi(Hz) for midplane delaminated spherical shells
(R, =R, =R, R,, = o0) and plates for different temperatures (K)

R/a=5
Delamination Stacking
size sequence T =300 T =325 T=350 T =375 T =400T =425
No delamination (0/90), 202:02 201-96 20191 201-87 201-84 201-84
(45/ — 45), 347-52 347-00 346:56 346:19 34591 34561
25% (0/90), 187-51 187-44 187-39 187-34 18730 18725
45/ —45), 29223 292-01 291-81 291-65 291-53 29140
56:25% (0/90), 183-96 183-85 183-76 183-67 18360 183-53
(45/ —45), 25943 259-17 258-94 25875 258:61 25845
R/a =10
No delamination (0/90), 129-20 129-08 128-99 128-90 128-84 12877
45/ —45), 301-13 299-31 29777 296-49 29551  294-44
25% (0/90), 104-59 104-48 104-:39 104-32 10425 10418
45/ —45), 22510 223-84 22276 221-88 22119 22044
56-25% (0/90), 98-36 98-17 98-00 97-86 9773 9760

(45/ —45), 18298 181-79 180-77 17992 17926 178-54
R/a = oo (plate)

No delamination 0/90), 9272 9247 9226 9209 9196 9182
45/ —45), 12426 11342 10336 9432 8677 7776

25% (0/90), 5293 5248 5209 5178 5154 5127
45/ —45), 9082 7412 5580 3340 — —

56:25% 0/90), 3950 3891 3839 3797 3764 3728

45/ —45), 71116 4689 — — — —
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TABLE 6

Variation of first natural frequency, fi(Hz) for midplane delaminated cylindrical shells
(Ry = o, Ry, = o) for different moisture contents

R,ja=5
Delamination Stacking
size sequence C=0 C=025% C=05% C=075% C=1%C=15%
No delamination (0/90), 129-04 128-83 128-64 12845 12828 12790
(45/ — 45), 29493 290-50 28623 282-14 27826  269-50
25% (0/90), 104-56 104-41 104-27 104-14 10402 103-75
45/ —45), 21673 213-06 209-51 20609 202-83 19542
56:25% (0/90), 98-24 9798 9774 97-50 9727 9676
45/ —45), 17307 169-24 165-50 161-86 15835 150-23
R,/a =10
No delamination (0/90), 103-03 102-62 102-24 101-87 101-53  100-77
(45/ — 45), 19338 186:32 179-38 172-58 16598  150-40
25% (0/90), 69-60 69-14 6871 68-29 6790  67-04
(45/ —45), 168-02 161-58 15519 148-87 142:65 107-61
56:25% (0/90), 59-88 5933 5876 5822 5770 5653

(45/ —45), 15351 143-03 131-27 119-07 10198  30-12

TABLE 7

Variation of first natural frequency, fi(Hz) for midplane delaminated cylindrical shells
(Ry = o0, R, = o) for different temperatures (K)

R ja=35
Delamination Stacking
size sequence T =300 T =325 T =350 T =375 T =400 T =425
No delamination (0/90), 129-04 12895 128-87 128-81 12876 12871
(45/ —45), 29493 292-97 291-29 28991 288-:85 28770
25% (0/90), 104-56 104-48 104-42 104-37 10432 104-28
45/ —45), 21673 21511 21372 212:57 211-69 21073
56:25% (0/90), 98-24 98-11 9798 97-88 9780 9770
45/ —45), 17307 171-38 169-93 168-73 167-80  166-79
R, /a=10
No delamination (0/90), 103-03 102-85 102-70 102-57 102-48  102-37
45/ —45), 19338 190-27 187-60 185-38 18366  181-78
25% (0/90), 69-60 69-39 69-21 69-05 6893  68:80
45/ —45), 16802 16519 162:75 160-72 159-14 15741
56:25% (0/90), 59-88 59-63 59-37 5915 5897 5878

(45/ —45), 15351 149-47 145-13 141-47 138:59 13541

4.2. TRANSIENT RESPONSE

Transient response for single and multiple delaminated plates and shells subjected to
hygrothermal environment is computed applying Newmark’s constant average acceleration
method [15]. A uniform transverse pulse load of 100 N/m? is considered in the analysis for
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TABLE 8

First natural frequencies, f; (Hz) for different laminates with centrally located multiple
delaminations of 25% showing the moisture effect

Plate
(0/90)10 (45/ — 4510
Moisture percentage (C) Moisture percentage (C)
Multiple
delaminations 0% 0-5% 1% 1-5% 0% 0-5% 1% 1:5%
One 6663 62-79 59-17 55-06 107-98 31-40 — —
Three 5777 5329 4897 43-90 99-94 — — —
Five 5123 46-10 40-99 3475 92-13 — — —
Cylindrical shell (R,/a = 5)

One 112-03 111-76 111-52 111-26 25820 25029 24303 235-05
Three 107-10 107-07 10703 10699 23504 22733 220-23 21237
Five 103-83 103-76 103-60 103-35 21367 20606 198-99 191-12

Spherical shell (R/a = 5)
One 191-70  191-66 191-62 191-57 322-15 32065 319-27 317-78
Three 188:92 18863 188:39 18811 30628 30512  304-05 302-88
Five 187-15 18692 186:74 186-53 29323 292-38  291-57  290-65

TABLE 9

First natural frequencies, fi(Hz) for different laminates with centrally located multiple
delaminations of 25% showing the temperature effect

Plate
(0/90)0 (45/ —45)10
Temperature T (K) Temperature, T(K)
Multiple
delaminations T =300 T =350 T =400 T =425 T =300 T =350 T =400 T =425
One 66:63 65-03 6396 63-44 107-98 8228 59-24 44-37
Three 5777 5593 54-67 54-06 99-94 70-11 38:16 —
Five 5123 49-13 47-68 46-99 9213 51-00 — —
Cylindrical shell (R,/a = 5)
One 112-03 11191 111-83 111-80 25820 25489 25267 25162
Three 107-10 107-09 107-07 107-03 23504 23182 22966  228:63
Five 103-83 103-80 103-76 103-67 213:67 21050 20836 20735
Spherical shell (R/a = 5)
One 19170  191-68 191-66 191-65 322:15 32152 321-10 32090
Three 18892 188-87 188-81 18872 30628 30580 30547 30532
Five 18715 187-12 187-06 18698 29323 292:88 29264 29252

all the cases. Figure 4 shows the central dynamic displacement for a (0/90),, plate for
different sizes of single midplane delaminations. The plot depicts an increase in dynamic
displacement with an increase in moisture content for any delamination size considered.
Plots for central displacement versus time for the same laminate are presented in Figure 5 to
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Figure 4. Effect of moisture on the transient response of a central midplane delaminated (0/90),, plate: —l—,
case 1,C = 0;,—— case 1,C = 1%; ,case2,C = 0;—W¥—,case2,C = 0-5%;—4—,case 2, C = 1%;—@—, case
2,C = 1-5%;—x—,case3,C =0;,—3¢—,case 3,C = 0-5%;—+—,case 3,C = 1%;—A—,case 3, C = 1-5%:case 1 (no
delamination), case 2 (25% delamination) and case 3 (56:25% delamination).

0-6

Central dynamic displacement (mm)

0 0-005 0-010 0-015 0-020 0025 0030
Time (s)

Figure 5. Effect of temperature on the transient response of a central midplane delaminated (0/90),, plate:
——casel, T =300K;—+— case 1, T =400K; —— case2, T = 300K; —¥—, case2, T = 350 K; —4—, case 2,
T =400K; —@—,case2, T =425K; —x—, case 3, T = 300K; —3¢—, case 3, T = 350K; ——, case 3, T =400K;
—A—, case 3, T = 425K: case 1 (no delamination), case 2 (25% delamination) and case 3 (56:25% delamination).

show the effect of temperature. The moisture and the temperature effects on the same
crossply laminate with increasing number of delaminations (each delamination interface of
25%) are presented in Figures 6 and 7 respectively. For a multiple delaminated spherical
shell (R/a = 5), the transient responses are depicted in Figures 8 and 9 considering moisture
and temperature effects respectively. Compared to the plates, the effects of moisture and
temperature on the transient response of shells seem to be negligible. A cylindrical shell
(R,/a = 5) with multiple delaminations is considered in Figure 10 to observe the effect of
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Figure 6. Effect of moisture on the transient response of multiple delaminated (0/90),, plate: —l—, w,
C=05%;—@—w,C=1%,—&—x,C=05%;—V¥—y,C=1%;—4—y,C=05%;—+p,C = 1%; —x—,
z, C=05%; 3¢, z, C =1%: w =no delamination, x = single delamination, y = three delaminations and
z = five delaminations.
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Figure 7. Effect of temperature on the transient response of multiple delaminated (0/90),, plate: —l—, w,
T =350K; —@—, w, T=400K; —A—, x, T =350K; —¥—, x, T=400K; —4—, y, T=350K; —+—, y,
T =400K; —x—, z, T =350K; —3¢—, z, T = 400K: w = no delamination, x = single delamination, y = three
delaminations and z = five delaminations.

moisture concentration. Figure 11 distinguishes the transient responses for plate, spherical
and cylindrical shell subjected to the environment of moisture. As shown in the plot, the
variation of response with change in moisture content is very negligible in the case of shells.
Figure 12 provides the plots for central dynamic normal stress (the top layer), — o, (MPa)
with variation with respect to time for a crossply plate with various increasing midplane
delaminations. It exhibits a relatively small increase in the normal stress with increase in
moisture content for the no-delamination case and a sharp increase in normal stress for
bigger size delaminations. The effect of multiple delaminations on the normal stress (top
layer), — o, (MPa)is depicted in Figure 13 for the same laminate considering two different
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Figure 8. Effect of moisture on the transient response of a multiple delaminated (0/90);, spherical shell
(Rla=5):. —m—w,C=0, @ w,C=15%;, —A— x,C=0,—V¥— x,C=15%; —4—,y,C=0; —+, y,
C=15%; —x—, z, C=0; 3¢, z, C=15%: w=no delamination, x = single delamination, y = three
delaminations and z = five delaminations.
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Figure 9. Effect of temperature on the transient response of multiple delaminated (0/90);, spherical shell
(Rla=5):. —m— w, T=300K; —@—, w, T=425K; —A—, x, T=300K; —V¥—, x, T =425K; —4—, y,
T =300K; ——, y, T =425K; —x—, z, T =300K; —3¢—, z, T =425K: w =no delamination, x = single
delamination, y = three delaminations and z = five delaminations.

percentages of moisture content. In this case, the delamination area in each interface is same
as considered earlier.

5. CONCLUSION

A dynamic analysis of multiple delaminated doubly curved composite shells exposed to
hygrothermal environment is investigated taking into account the changes in
thermomechanical properties due to moisture and temperature effect. The conventional
finite element formulation is modified to include the hygrothermal effects. The shell
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Figure 10. Effect of moisture on the transient response of a multiple delaminated (0/90),, cylindrical shell
(Rla=5): —m—w,C=0,—@— w,C=15%; —A— x,C=0,—V—, x,C=15%; —4—, y,C=0;, —+—, y,
C=15%; —x—, z, C=0;, 3¢, z, C=15%: w=no delamination, x = single delamination, y = three
delaminations and z = five delaminations.
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Figure 11. Comparison of dynamic displacement for (0/90),, laminated plate and shells for a single midplane
delamination of 25%. —i—, plate, C = 0; —@—, plate, C = 1-5%; —A—, cyl. shell, C = 0; —¥—, cyl. shell,
C =1-5%; —4—, sph. cell, C = 0; ——, sph. cell, C = 1-5%.

strain—deformation relations are based on Sanders’ shallow shell theory. The accuracy of
the formulation has been verified using sample problems available in the literature. The
degradation in the natural frequencies and the increase in the amplitude of dynamic
displacements and stresses are influenced by the degree of moisture concentration,
temperature variation and also the stacking sequences of the laminate. The reduction in the
fundamental frequency need not be linear and the problem may become instable, depending
on the values of moisture concentration and temperature. The analysis of numerical results
indicate that, there is a greater influence of curvature ratio (R/a) on the values of natural
frequencies as well as dynamic displacements.
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Figure 12. Effect of moisture on the top layer normal stress at the center ( — o,) of a midplane delaminated
(0/90), plate due to uniform pulse load. ——, case 1, C = 0; —@—, case 1, C = 1%; —A—, case 2, C = 0; —V¥—,
case 2, C = 1%; —4—, case 3, C = 0; —+—, case 3, C = 1%: case 1 (no delamination), case 2 (25% delamination)
and case 3 (56:25% delamination).
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Figure 13. Effect of moisture on the top layer normal stress at the center ( — o) of a multiple delaminated
(0/90); plate due to uniform pulse load. —— w, C =05%; —@— w, C=1%; —A— x,C=05%; —V¥—, x,
C=1%; —4— y, C=05%; —+, y, C=1%; —x—, z, C =05%; —3¢—, z, C =1%: w = no delamination,
x = single delamination, y = three delaminations and z = five delaminations.
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