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NONLINEAR BENDING ANALYSIS OF A LAMINATED
COMPOSITE PLATE USING A REFINED ZIG-ZAG THEORY

M. J. Khoshgoftar,'” M. Karimi,' and S. Seifoori?
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A modified zig-zag theory was used to investigate the bending behavior of composite plates and sandwich
structures. The theory is based on the first-order shear-deformation theory on some piecewise linear functions
for in-plane displacements. This theory does not depend on the shear correction factor and can be applied to
various engineering problems associated with the structural dynamics. The nonlinear strain terms in the von
Kdarman compatibility equation were taken into account to calculate accurate results at large deformation. The
governing equations and associated boundary conditions were derived using the principle of virtual work. The
calculated numerical results are compared with those of other theories, and an excellent agreement between them
was found. The figures and tables presented illustrate the superiority of the model considered in predicting the
stress and displacement fields. The model proposed is applicable to nonlinear problems with large deflections.

1. Introduction

Recently, the use of multilayered composites and sandwich materials various industries has significantly increased.
Some advantages of the materials is a high corrosion resistance and high stiffness-to-weight and strength-to-weight ratios.

Various theories have been adopted for modeling their mechanical behavior. Models based on the Kirchhoff hypoth-
esis, the shear-deformation theory, layerwise theories, the finite-element modeling, nonlinear theories, and mixed theories
are some examples of them. Auricchio et al. [1] have presented a mixed variational theory based on the dimension reduction
method for a multilayer anisotropic plate. They showed the power of their formulation by applying it to the displacement
field. Fares and Elmarghany [2] published a modified mixed variational formulation of a refined nonlinear zig-zag theory
for a laminated composite plate.
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There are different numerical methods for analyzing structures, e.g. the FEM, the mesh-free method, and isogeometric
methods. The latter ones are designed by combining computer-aided and finite-element analyses, and it significantly reduces
the error in the representation of the computational domain [3]. Pavan et al. [4] proposed an isogeometric collocation for a
linear static bending analysis of laminated composite plates. A finite-element nonlinear zig-zag theory for laminated anisotropic
shell was formulated by Chaudhuri [5]. He assumed its transverse inextensibility, vanishing normal transverse strains, and
a layerwise constant shear-angle theory, also known as the zig-zag theory. The perturbation method was also used to solve
governing equations. A thick cylinder of finite length was analyzed by Khoshgoftar et al. [6, 7] with the perturbation method.

A geometrically nonlinear analysis of beams, plates, and shells within the framework of the first order shear deforma-
tion theory (FSDT) was presented by Kreja [8]. He focused on the large-rotation finite-element analysis of laminated com-
posite plates and shells. A nonlinear analysis of composite and sandwich plates based on a high-order theory considering the
realistic variation of in-plane and transverse displacements across their thickness was published by Ganapathi et al. [9]. They
presented a nonlinear dynamic analysis and introduced a geometrical nonlinearity for a laminate. A nonlinear electromechani-
cally coupled zig-zag theory was developed by Kapuria and Achary for hybrid piezoelectric plates [10, 11]. They considered
the von Karman geometrical nonlinearity and obtained the initial buckling response of symmetrically laminated plates.

The classical shell theories neglect the rotary inertia and shear deformation effects and overestimate the natural fre-
quencies of laminated anisotropic and moderately thick plates and shells. Three parameters are utilized in them to consider the
deformation of shells. According to the geometrically nonlinear terms in these theories, they can be divided into two groups;
those that maintain only the von Karman-type nonlinear terms (involving only the normal displacement) and those that also
keep nonlinear terms for two in-plane displacements. The theories that consider only the von Karman-type nonlinear terms
are accurate only at small displacement. Several nonlinear higher-order shear deformation theories have been developed for
different laminated shells and plates with account their thickness deformations [12-14].

A nonlinear bending analysis of a simply supported symmetrically laminated plate based on a higher-order dis-
placement theory was presented by Savithri and Varadan [15]. They used the single-mode Galerkin approach and the
Newton—Raphson method for solving nonlinear governing equations.

The first-order zig-zag theory of laminates and the associated finite-element model for an analysis of moderately
thick laminated beams was presented by Averill [16]. The accuracy of the new discrete-layer finite-element model was
investigated in static and vibration analyses of thin and moderately thick laminated beams with delaminations and ply
damage. This work was extended to a higher-order zig-zag laminate theory and its derivatives [17]. Di Sciuva [18] con-
sidered a multilayered anisotropic composite plate with a piecewise cubic displacement field and von Karman nonlinear
strain—displacement relations. Di Sciuva et al. [19] presented a nonlinear third-order theory of multilayered anisotropic
shallow shells with damaged interfaces. Their theory allows for jumps in in-plane displacements when interlayer slips are
present. Tessler et al. [20] introduced a refined zig-zag theory based on the Timoshenko beam theory for composite and
sandwich beams and developed their theory for laminated composite and sandwich plates [21]. Ascione and Gherlone [22]
published a nonlinear refined zig-zag theory based on the von Karman strain field and the first-order shear deformation
theory. It is more accurate than the Timoshenko beam theory for beams with a low slenderness ratio and thick face sheets,
especially in the case of a high face-to-core stiffness ratio.

There can also be found size-dependent theories in the literature [23, 24]. Nonlocal theories [25], modified strain
gradient theories [26, 27], and elasticity solutions [28] for sandwich panels are published frequently for different goals.
The material type is another topic in the literature. Sandwich panels with a soft core [29, 30] and piezoelectric layers [31,
32], and nanoplatelets like graphene ones [33] are some examples with different materials.

In this paper, the nonlinear modified zig-zag theory is employed for a static analysis of multilayered composites.
The applied theory is formulated based on the first-order shear-deformation theory and some piecewise linear functions
for in-plane displacements. In contrast to the first-order shear-deformation theory, this theory does not depend on the shear
correction factor and is applicable to various engineering problems associated with the structural dynamics. The nonlinear
strain terms in the von Karman compatibility equation are taken into account to obtain accurate results at large strains. One
major benefit arising from the analytical form of this new theory is its ideal suitability for the finite-element modeling,
where the kinematic approximations need not to exceed the CO continuity. More accurate results of a less solution time
are the main advantage of the current theory.
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Fig. 1. Problem domain.

2. Formulation

Let us consider a composite plate with N layers. The domain Q of the plate considered is plotted in Fig. 1, and
its analytical expression is.

Q ={(x,y,2);~h<z<h}. (1)

The displacement field of the plate can be expressed using the modified zig-zag theory [21] according to different
parameters of its midsurface in the following form:

u® (x, ,2) = uy (x, ») + 20,(x, )+ (D . (x, 1) ,
VO (x,3,2) = vy (6, 0) + 260, (x,0) + ) (2, (x,9) 2)

w (x,y,2)= wy (x, ),

where «'®,v® | and w'®) are the displacements of an arbitrary point in the x, y, and z -axis; (x,y) and vy (x,y) are
the uniform in-plane displacements in the x and y direction, respectively; w, (x, y) is the out-of-plane displacement of the
midplane in the z -direction; 0, (x,y) and 6, (x,y) are the rotation angles of plate cross-section in the xz and yz planes,
respectively; (/)f (z) and ¢f‘ (z) are the zig-zag functions in a k th layer, which are piecewise linear across the thickness of
the composite plate. The functions v, (x,») and v (x,y) are the spatial amplitudes of zig-zag displacements, and, to-
gether with the other five kinematic variables, they are unknowns in the analysis. The first-order shear-deformation theory
(FSDT) arises when the zig-zag functions vanish. These functions can be defined as [21]

1 1
@“sga—a“w@ﬁ+ga+é“wm,

| X 3)
¢;k) = 3 (1-¢® W1y + 5 (1+&® Wk) »
where §(k ) is the local dimensionless coordinate system in a k th layer, which can be defined
b ZFTED g
¢ = — L~ el (4)
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The interlaminar displacements are denoted by s; (s =u,v;i = k,k —1) and zero for the top and bottom layers:
o) = Uy =Vo) =V =0 )

Other interlaminar displacements fields are obtained by using a partial continuity of the shear stresses in the thick-
ness direction of the composite plate [20]. The von K&rman strains [18], which take into account moderately large deflections
and small strains in a & th layer, associated with the displacement field defined by modified zig-zag functions, can be ex-

pressed in the following form:
e =4+ 2B+ D+ y,

(k) (k) ©)
ry=R+F "y,
in which
Vi x
8-‘(:;) Up x Qx X ’
' ’ v
R T N T S
Xy
7,)(;) Ug,, + Vo x oy +9y’)C v
V,X
fy ) -
k 5 O,X
¢, 0 0 O ®
1 » Vxz
#9= 0 gy 0 0 = wyy, LY (7)
4
k k Yz
0 0 ¢ ¢ Wo, W0,
29" (2)
Wox T Hx Yy k 0z 0
R=| Ly = , F® = "
Wwo,y +0, Vy 0 o9y '(2)
0z
where (©), = ?(a =x,y) is the partial derivative with respect to the midplane coordinate. In Eq. (6), x is a non-
o
PG
linear term. Since the zig-zag functions ¢ are the linear functions of z in each layer (i.e., % = cte ) and vanish
in the upper (z =) and bottom ( z = -/ ) face, we conclude that
» o (k) 3 (k) z N 0 (k) d (k) z
I ¢x (Z), ¢y ( ) dZZZZh(k) ¢x (Z)’ ¢y ( ) =0. (8)
~h Oz 0z P Oz 0Oz
Integrating Eq. (6) across the plate thickness and using Eq. (8), we found that
1 h
R=—/| y®dz. 9
2h [/ 2

Equation (9) indicates that the shear strains have two parts. One of them is the average shear angle, which is the same
as the shear strain in the FSDT, and the other part includes the interlaminar effects expressed by zig-zag terms. According to

the constitutive relations,
o =tk g®

) = Q(k)y(k)’ (10)
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where ¥ and ¥ are the stresses; C**) and O™ are the reduced stiffness coefficients relative to the in-plane condition.
They are defined as

(k)

(k)
O yx ,L_ (k) G Gy Gy 0 0 (k)
ot =lo,| "= Tx ,CW=1Cy Gy G|, 0W= Q11 le ' ey
z 12 22
T g Ce Cy Ce

xy

Tessler et al. 1 [21] determined such zig-zag functions that the partial continuity of transvers shear stresses satisfied
the following zig-zag functions:

G
o = (z+h)(—=-D),

o
B = (z+ B2 1),

1)

O (12)
0 — (24 )2 —1+i2h(i’1) G _ Gy k=23
¢x _(Z )(W ) ( (i-1) W) ( T LTy )3

Q11 i=2 Q11 Q11

k .

OISV I o Y P B P S 1)
Y (k) (i-1) 0)

sz i=2 22 sz

G, and G, in Eq. (12) are the weighted-average transverse-shear coefficients, which are calculated by imposing constraint
conditions on the zig-zag functions and are express as

- Nl
{Gl}_ neap (13)
G| | 1 p0 |
R Gy Y
hi= 52)

It is obvious from Eqgs. (12), (13) that the zig-zag functions do not depend on the strain state and are determined
by interlaminar properties.

3. Governing Equations

In this Section, the governing equations for a stress analysis of composite plates are derived. According to the
principle of virtual work, if a particle is in equilibrium, the total virtual work of forces acting on the particle is zero for any
virtual displacement. Using this principle, the governing equations are obtained. Consider a composite plate subjected to
a transverse force q(x,y) ,1.e.,

h
I I (O'(k)T&e(k) +r(k)T57/(k))dsz —j qgéwdA=0, (14)
A=h 4
where A(z = O) is the midplane area of the composite plate and 6 is the variation operator. The transverse force remains
perpendicular to the plate midsurface, and the local direction (i.e., to the normal surface) of the midsurface remains in
the z direction. Inserting Egs. (6) and (10) into (14), we obtain that
[ (N, Suy, + M50, +MPSy_ +w 5w N,)
4

+(N,8vy, + M50, , + Mﬁéwy’y +wp ,OWo, N,
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HN o, (St +3vy )+ M, (80, , +30, )+ MISy,
+M? WOV, Wy Wy, Ny, + W 0wy Ny, 1,
0, (Bw,, +80,)+ 005y +0, (5w, , +80,)+ 008y, —qdw}dA=0, (15)

where N and M are the resultants of the membrane and bending stresses, respectively, and Q is the resultant of the
transverse shear stresses,

Nl = (NN, Ny} = I{cr(“ ®.0®dz,

yy’

) ) b agb
= (M, M M, MO M, M MO

_ j (200 06 ® 61 gPGH ) g0 g0 (16)

0/ =10 ,Q}b’Qx,Qf}J:{f(k) WG ) Maz(z) ey

yZ > az yZ >¥xz
Integrating Eq. (14) by parts, we have

| N Sugda—[ M, 50.d4-] M Sy da+] (N, w,.) Swdd
A A A A

—IA N, 8vydA - j M, ,50,dA - jA M;{y&,/ydA—jA (N, )., S wydA

—J'A N, ,8uq dA +L N, 8vodA~ j'A M, ,60.dA~ J'A M, .50,dA

-[ xy yél//VdA .[ yv x5V/ydA I ( Wg,y),x5w0dA
_L (N, wo,x)’yéwodA—J‘A 0. . Swydd +IA 0.50.dA + jA 0f sy dA

[ 0, ,6wdd+] 0,60,d4+| 0fsy dA-[ gSwyda+BCrdA=0, (17)
A A A A

where B.C. are the terms of the boundary condition of the plate. By simplifying Eq. (17), the following governing equations
are found (the extended form of these equations, in terms of displacements is given in the appendix A):

duy: N, +N,, , =0

vy :N, ,+N,,, =0
SWOIQX’X+Q)J+q—N(W)=O
80, M, +M,, =0,

80, M, ,+M,, =0,

Y- xy,x

: (18)

Sy, MY, M, = 0f

X,y

9 b _of
Sy, M, + MY, =0

yx,x

where N(w) is a nonlinear term that is included in (18) to take into account the nonlinear strains and is defined as

0 ow, ow, ow,
Nw)=—(N,—+N,, — +N,—). 19
()= S N TNy ) y( 030 (19)
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Fig. 2. Two- (a) and three-layered (b) composite plates

4. Solution Procedure
Let us consider a rectangular composite plate of length @ and width b, and thickness 2/ consisting of N layers

as shown in Fig. 2. The plate is simply supported
y=0,b,0<x<a—>vy=wy=0,=y, =N, =M, =M’ =0, (20)
x=0,a,0<y<b—>uy=wy=60,=y, =N, =M, =Mf,5 =0.

Using the Galerkin approach, the kinematic unknowns that satisfy boundary conditions (20) are expressed in the

following form:
A e X . mmy
Uy = z ZUW cos sin ,
m=1n=l1 a
S 2 X . mmw
0, = Z Z@xmn cos sin 22 ,
m=1n=1 a
. mm
Z‘I’x cos s1n Y ,
m=1n= b
Z Z sin 27X cos 117 , (21)
m=1n=1 a
mry

00
Z@ymn sin 2% cos ,
a

n=1

Ms

Il
U

m
T mmy

o . NTX
v, = Z ¥y, sin cos
m=1n=1 a

00 00
-3 >w,, sin”
m=1n=1 a

> Vs WV and wx, - are unknown coefficients, which are calculated by governing equa-

b

mmy

Y sin .

where U,,,, Vs> Won» ©O%,,

mn> " mn?

tions (18). The system of differential equations (18) is reduced to a system of algebraic equations, which is solved to

.mrw
sm—y.

obtain the unknown coefficients of Eq. (21). The distribution of the transverse loads ¢(x, y) is assumed sinusoidal
(22)

q(x,¥)=q, sin 2% sin 22 Zw: Zw: sm

m=1n=1
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TABLE 1. Mechanical Properties of Layers Materials

Property Orthotropic layer (carbon fibers and epoxy) Isotropic layer (polymer)
E, 157.9 GPa 0.1040 GPa
E=E, 9.584 GPa 0.1040 GPa
o 0.49 0.3
Vi3 =V, 0.32 0.3
G,, 3.227 GPa 0.04 GPa
G,=G, 5.930 GPa 0.04 GPa

TABLE 2. Layer Construction of Each Plate

Plate type Composite plate with two layers Sandwich panel with three layers
Layer material c-C C-P-C
Fiber orientation 0/90 0/0/0
Layer thickness 0.5-0.5 0.1-0.8-0.1

5. Results and Discussion

As shown in the previous Section, the geometric nonlinearities are taken into account in our investigation of two- and
three-layered composite plates. The mechanical properties of their layers are listed in Table 1, and the layout of each plate
is illustrated in Table 2 and Fig. 2. The numerical results obtained were compared with those available in the literature, in-
cluding results of the refined zig-zag theory (RZT) [21], the exact of Pagano solution [34], and results of the first-order
shear-deformation theory (FSDT). The number of adequate terms (# = m = 30 ) was obtained by a convergence analysis of
Egs. (21), where the maximum transverse displacement was considered. The FSDT results are presented considering the
non-linearity effect, but there is no nonlinearity in the RZT and the elasticity Pagano solution. Therefore, the NRZT (nonlin-
ear refined zig-zag theory) is compared with RZT and the nonlinear FSDT. The RZT is also compared with the Pagano solu-
tion to show the capability of RZT. The main difference between the RZT and ZT (Di Sciuva zig-zag theory) is that the
zig-zag function is eliminated only from the outer surfaces of the laminated beam, but not from layers. This important dif-
ference ensures a more physically realistic distribution of the zig-zag function — it is nonzero across the plate depth, and,
as a result, the new zig-zag function ensures a contribution from each layer to the overall deformation. The dimensionless
mechanical parameters are defined in the following form:
10'Dy

904

b (2h) (k)(_ e )
qo a (23)

u=

b
(asgyz) H

A systematic study was performed to show the reliability and accuracy of the presented model. Figure 3 depicts
the dimensionless in-plane displacements of two- and three-layered composite plates in the x direction based on various

636



zlh
1.0

-05r /' -

N\ 2 L

B0, AN, g O eE)
I | 1 ;

I I I I
-5 4 -3 -2 -1 0 1 -10 -5 0 5 10

Fig. 3. Dimensionless in-plane displacement u across the thickness z/#% of two- (a) and three-
layered (b) plates according to various theories.
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Fig. 4. Dimensionless in-plane stress & across the thickness z/ %4 of two- (a) and three-layered (b)
plates according to various theories.

models. The presented model (NRZT) and the RZT close together, especially in the linear regions. The difference between
them increases in nonlinear problems when the load increases. These results could closer to the exact solution if higher-
order functions were chosen as the zig-zag function. Figure 3b clearly exhibits the superiority of the current model over
the FSDT. As shown, the FSDT estimates the entire displacement field only by one continuous function, but the current
model employs a continuous function for each layer. This dissimilarity in predicting displacement functions causes the
major difference in the numerical results, particularly for composite plates with a greater number of layers.

Figure 4 shows variations in the in-plane stress parameter in terms of the z coordinate at the center of two- and
three-layered composite plates in different theories. What stands out from the figures mentioned is that the model imple-
mented gives a better accuracy than the FSDT. Looking at the curves associated with the FSDT, it can be concluded that
the FSDT underestimates the in-plane stresses, particularly on the boundary planes, where the highest tension and compres-
sion take place even though a shear correction factor is used. In this theory, a linear distribution is used for the transverse
shear stresses across the thickness of the structure. In the present theory, piecewise constant stresses are taken into account,
which reduces errors in the global response of the sandwich structure. What is more, the figures plotted imply that the
consideration of geometric nonlinearities yields lower normal stresses, especially for face sheets.
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Fig. 5. Dimensionless transverse shear stress 7,, across the thickness z/#h of two- (a) and three-
layered (b) plates according to various theories.

TABLE 3. Dimensionless Out-of-Plane Displacements in Different Theories of Sandwich Plates

al2h Exact FSDT Zig-zag (Di Sciuva) | Refind Zig-zag theory (RZT) Present (NRZT)
4 42.420 3.739 42.124 42.189 42.480
10 9.734 1.321 9.738 9.739 9.737
20 3.487 0.948 3.489 3.490 3.488
50 1.305 0.841 1.305 1.305 1.305
100 0.945 0.826 0.945 0.945 0.945
200 0.852 0.822 0.852 0.852 0.852

Figure 5 demonstrates variations in the transverse shear stress parameter at the center of two- and three-layered com-
posite plates for different models across the thickness. It can be seen that, although the presented model predicts a constant
shear strain for each layer, the numerical results are in a better agreement with those given by the exact solution. In fact, the
continuity of shear stresses not fulfilled in such modified zig-zag theory as the FSDT, but considering a layerwise function
for each layer, makes the results found are closer to the exact solution. This fact is far more pronounced in the face sheets,
as the FSDT anticipates the transverse shear stress with errors more than 60 percent, while the current model gives a better
estimate for stresses in comparison with the 3D elasticity solution. In addition, it is seen that excluding nonlinear strains
leads to higher shear strains. The distribution of shear stresses could be changed by choosing a higher-order zig-zag function.

The dimensionless out-of-plane displacements of the sandwich considered plate at its center according to various
theories is listed in Table 3. On increasing the thickness ratio, all models approach the same accuracy. This is because the
effects of shear strains can be ignored for structures with a low thickness-to-span ratio. In addition, as is seen, the nonlinear
effects increased the stiffness of the sandwich plate and, as a result, the deflections found considering the nonlinearity are
smaller than for the other models.

Figure 6 depicts the impacts of load density on the central deflection of a three-layer composite plate. As is seen, the
inclusion of geometric nonlinearities is more notable for larger values of load intensity. This is due to the fact that the struc-
ture withstands more deformations when it is subjected to a higher loading. Furthermore, it is observed that the difference
between the linear and nonlinear theories is more pronounced in a rectangular plate (R = 0.5) than in a square one (R =1),
which indicates that the inclusion of geometric nonlinearity makes their deformation more sensitive to the aspect ratio.
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Fig. 6. Variations in the deflection parameter w vs. the load intensity parameter g for rectangular
(R=0.5) (a) and square (R =1) (b) plates.

Conclusion

In the present work, a static analysis of composite plates was carried out using the zig-zag theory. In order to
consider large strain, nonlinear von Karman strains were considered. The displacement field was estimated using the first-
order shear-deformation theory. Modified linear zig-zag functions were taken into account in order to improve the shear
stresses and the interlaminar behavior of the plates. These linear functions depend on layer properties and are obtained for
each layer separately. In contrast to the FSDT, this theory does not need any shear correction factor. The governing and
kinematic equations not depend on the number of layers. This advantage to a simplicity and reduces the computational time.
Numerical results for a laminated simply supported composite plate are presented to show the effect of geometric nonlin-
earity. These results are compared with results of the FSDT and the 3D elasticity solution, and they show a high accuracy
of the current work. The FSDT estimates the entire displacement field only with one continuous function while the current
model uses a continuous function for each layer. On increasing the thickness-to-span ratio, all models approach the same
accuracy. This is due to the fact that the effects of shear strain can be ignored for structures with a low thickness-to-span
ratio. Choosing a higher-order function as the zig-zag function more accurate results can be reached. The model proposed
gives high-accuracy results for nonlinear problems.

Appendix A: Governing Equations in Terms of Displacements

Equations (18) can be expanded as follows.

2 2 2 2 2
0°u, 8w06w0)+T12( 7,16(26 Uy 8v0+8w06w0

v,  ow, 0%w,
2 T 2 + )+ 2 2
ox ox Ox 0yox 0y 0x0y 0x0y  Ox dy ox

Ti(

%azw0)+T (62\/0 ow, 82W0)+T (82u0+62v0 ow, 82w0+8w0 d*w,
ox axdy. oyt By 0y* Yoy oxdy oy oxdy 0x 9y

2

+2T16(

29 2 2

=0, (A1)
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Appendix B: Coefficients of Governing Equations

Coefficients utilized in Appendix A can be written as follows.

m=f a1y =f ety - W,
“h Th i
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